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Abstract.
Manganese oxides with varying pore sizes from ~2A to ~7A have been prepared by 
standard solid-state techniques and by low temperature hydrothermal methods. These 
materials have an open framework composed exclusively of manganese oxide, which in 
simple tunnel and layered structures is built up exclusively of edge and comer shared 
MnC>6 octahedra. In more complex structures, such as that exhibited by Nao.44MnC>2, this 
framework is built up of MnC>6 octahedra and MnOs square pyramids, where Mn3+ and 
Mn4+ are ordered on crystallographically distinct sites. The size of the tunnels or layer 
gap is dependent on the size of the cation used as a template.
This thesis shows that it is possible to remove the ‘template’ ion from 
within many framework materials without destroying the structural integrity, this is due 
primarily to the ready conversion between the various manganese oxidation states to 
maintain charge balance. This makes it possible to tune the properties by incorporating 
varying amounts of foreign cations and/or small molecules into the vacant pore sites. 
These intercalation reactions result in small changes in the average manganese 
oxidation state, which in turn leads to differences in the thermal stability, observed 
magnetic and transport properties.
We have also shown that it is possible to intercalate conducting polymers into 
the framework of some layered materials. Whilst the mechanism is not known, it can be 
seen that the oxidation state of the framework plays an important part in the ordering of 
the monomer/polymer units within the layers. Incorporation of these polymers leads to 
large changes in the magnitude of the observed magnetic moment as well as in the 
magnetic ordering.
This work shows that these materials have a versatile framework, which leads to 
the real possibility of tuning the properties of a material to achieve desired effects 
leading to many possible uses for these types of materials.
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Figure 1.1. Schematic representation o f some tunnel and layered structures, 27 
where the pink squares represent the Mn06 octahedral units (a) One dimensional 
Structures belonging to the Pyrolusite-Ramsdellite family, (b) One dimensional 
structures belonging to the Hollandite-Romanechite family, (c) One dimensional 
structures belonging to the Todorokite family.
Figure 1.2. Complex tunnel structures o f (a) Nao.44Mn02 viewed down the c axis, 28 
where the pink squares and triangles represent the MnOs octahedra and MnOs 
square pyramids respectively and the green spheres are the sodium cations and
(b) Ba6Mn24048 structure composed o f a combination ofpyrolusite and hollandite 
as well as an additional tunnel formed by 10 Mn06 octahedra, where the blue 
squares are the MnOt octahedra and the green spheres are the barium cations.
Figure 1.3. Schematic representation o f charge and discharge mechanisms for  31 
lithium batteries.
Figure 1.4. Transformation reactions from birnessite to tunnel and layered 36 
manganese oxides under hydrothermal conditions, where the squares represent 
the MnC>6 octahedra.
Figure 1.5. Phase diagram for the NaxMn02 system depicting results obtained as 37 
a function o f sodium content, x, and temperature, under oxygen pressure of 1 Bar. 
Figure 1.6. Schematic representation o f (a)cc-NaMn02 and (b) /3-NaMn02, where 38 
the pink squares represent the MnC>6 octahedra and the yellow spheres are the 
sodium cations.
Figure 2.1. Graphical representation o f Bragg’s Law for X-ray Diffraction. 45
Figure 2.2. Schematic representation o f the scattering triangle for elastic 46 
scattering in a reciprocal lattice plane described by Ewald.
Figure 2.3. Schematic diagram o f a powder neutron diffractometer operating at 48 
constant wavelength.
Figure 2.4. Schematic diagram of a neutron powder diffractometer operating at 50 
fixed scattering 2 6.
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Figure 2.5. Schematic representation o f magnetic field  behaviour with a) 54 
Diamagnetic materials and b) Paramagnetic materials.
Figure 2.6. Antiferromagnetic coupling o f spins o f d  electrons on Ni2+ ions 57 
through p  electrons o f oxide ions.
Figure 2.7. Schematic representation o f 90° exchange resulting in ferromagnetic 58 
ordering (a) showing orbital overlap (b) showing electron interaction.
Figure 2.8. Generalized Thermal Analysis Instrument. 62
Figure 2.9. Schematic Representation o f a Typical Single Step Decomposition 62 
Reaction
Figure 3.1. Schematic representation o f the (2 x 2) Hollandite structure, where 66 
the pink squares represent the MnC>6 octahedra, the yellow spheres are the 
potassium cations and the red spheres are the oxygen atoms.
Figure 3.2. Plots showing (a) decreasing total amount intercalated and (b) 70 
increasing average manganese oxidation state as a function o f  ionic radii.
Figure 3.3. TGA/DSC Trace showing the three step decomposition route and 71 
percentage weight losses for KonMnOz (Kl) in an inert atmosphere o f nitrogen. 
Figure 3.4. TGA/DSC Trace showing the three step decomposition route and 73 
percentage weight losses for K0.08ld.nO2 (K2) in an inert atmosphere o f nitrogen. 
Figure 3.5. TGA/DSC Trace showing the three step decomposition route and 73 
percentage weight losses for the acid leached sample, Ko.o9Mn0 2 , in an inert 
atmosphere o f nitrogen.
Figure 3.6. TGA/DSC Trace showing the three step decomposition route and 74 
percentage weight losses for Li0.i8K0.08/dnO2 in an inert atmosphere o f nitrogen.
Figure 3.7. TGA/DSC Trace showing the three step decomposition route and 75 
percentage weight losses for (NH4)o.o7sKo.o7Mn0 2  in an inert atmosphere o f  
nitrogen.
Figure 3.8. TGA/DSC Trace showing the three step decomposition route and 76 
percentage weight losses for Cuo.osKo.o9Mn0 2 in an inert atmosphere o f nitrogen. 
Figure 3.9. TGA/DSC Trace showing the three step decomposition route and 76 
percentage weight losses for Cso.04Ko.1MnO 2 in an inert atmosphere o f nitrogen.
Figure 3.10. Increasing thermal stability as a function o f the total amount 77 
intercalated.
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Figure 3.11. Observed, calculated and difference for the Rietveld refinement of 
neutron diffraction measurements for Ko.i2sMn0 2  (Kl) at a temperature o f 80K in 
the 1 2 /m space group.
Figure 3.12. Observed, calculated and difference for the Rietveld refinement of 
neutron diffraction measurements for Ko.i2sMn0 2  (Kl) at a temperature o f 4K in 
the 1 2 /m space group.
Figure 3.13. Schematic representation illustrating oxygen: cation arrangement for  
the refined neutron data for Ko.nMn0 2  at 80K. Where yellow is the potassium ion, 
blue is the manganese on site 1 , pink is the manganese on site 2  and red is 
oxygen.
Figure 3.14. X-Ray Diffraction patterns plotted as a function o f increasing 
average manganese oxidation state showing the effects o f intercalation on lattice 
parameters.
Figure 3.15. Decreasing cell volume with increasing average manganese 
oxidation state showing that the Cu2+ position is inconsistent with emerging 
models.
Figure 3.16. Observed, calculated and difference for the Rietveld profile 
refinement o f the room temperature x-ray data for Ko.nMnOj. (space group 1 2 /m) 
Figure 3.17. Observed, calculated and difference for the Rietveld profile 
refinement o f the room temperature x-ray data for Ko.osMn0 2 . (space group 1 2 /m) 
Figure 3.18. Observed, calculated and difference for the Rietveld profile 
refinement o f the room temperature x-ray data for Ko^MnOz- (space group 1 2 /m) 
Figure 3.19. Observed, calculated and difference for the Rietveld profile 
refinement o f the room temperature x-ray data for Lio.isKo.o9MnO2. (space group I 
2/m)
Figure 3.20. Observed, calculated and difference for Rietveld profile refinement 
o f  the room temperature x-ray data for (NH.4)o.o7^o.o7Mn0 2 . (space group 1 2 /m) 
Figure 3.21. Observed, calculated and difference for the Rietveld profile 
refinement of the room temperature x-ray data for Cuo.osKo.o7Mn0 2 . (space group 
12/m)
Figure 3.22. Observed, calculated and difference for the Rietveld profile 
refinement o f the room temperature x-ray data for Cso.04Ko.1MnO2 . (space group I 
2/m)
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Figure 3.23. Magnetic susceptibility of Ko.nMn0 2  (Kl), showing deviation 91 
between zero field  cooled (ZFC) and field cooled (FC) measurement indicative o f  
a spin glass transition insert shows Curie-Wiess behaviour.
Figure 3.24. Hysteresis measurements at 5Kfor Ko.nMn0 2  (Kl). 91
Figure 3.25. Magnetic susceptibility ofKomMnO, showing deviation between zero 93 
field  cooled (ZFC) and field cooled (FC) measurements indicative o f a spin glass 
transition; inset shows the region below Tf.
Figure 3.26. Magnetic susceptibility o f LioisKo.o9Mn0 2 , showing deviation 93 
between zero field  cooled (ZFC) andfield cooled (FC) measurements indicative o f  
a spin glass transition; inset shows the region below Tp
Figure 3.27. Magnetic susceptibility o f (NH4)o.o7sKo.o7Mn0 2 , showing deviation 94 
between zero field  cooled (ZFC) andfield cooled (FC) measurements indicative of 
a spin glass transition; inset shows the region below Tp.
Figure 3.28. Magnetic susceptibility o f Cuo.osKo.09MnO2, showing deviation 94 
between zero field  cooled (ZFC) andfield cooled (FC) measurements indicative of 
a spin glass transition; inset shows the region below Tp
Figure 3.29. Magnetic susceptibility o f Cs0 .04K0.1MnO2, showing deviation 95 
between zero field  cooled (ZFC) andfield cooled (FC) measurements indicative of 
a spin glass transition; inset shows the region below Tp.
Figure 3.30. Field cooled (FC) magnetic susceptibilities for all hollandite 95 
samples, showing the change in magnetisation with changing average manganese 
oxidation state; inset shows the region below Tp
Figure 3.31. Resistivity as a function o f temperature for Ko.i2sMn0 2 ; insert shows 96 
Arrhenius relationship.
Figure 3.32. Resistivity as a function o f  temperature for KomMnOy, insert shows 97 
Arrhenius relationship.
Figure 3.33. Resistivity as a function o f temperature for Li0. isKo.o9Mn O2; insert 97 
shows Arrhenius relationship.
Figure 4.1. Schematic Representation o f (Ba,H2 0 ) 2MnsOio, romanechite, where 101 
the pink squares represent the Mn( ? 6  octahedra and the yellow spheres represent 
the barium and H2 O sites.
Figure 4.2. Schematic representation showing the intergrowth between hollandite 104 
with romanechite, where the pink squares represent the MnOs octahedra.
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Figure 4.3. Observed, calculated and difference for the Lebail refinement o f  105 
neutron powder diffractometer data for NaojoMnO2 using model 1: a = 14.82 b =
5.907 c = 11.31 a n dp  = 105.16(f.
Figure 4.4. Observed, calculated and difference for the Lebail refinement o f  105 
neutron powder diffractometer data for NaojomnO2 using model 2: a = 16.17 b =
5.680 c = 12.28 a n dp  = 92.346(f
Figure 4.5. X-ray diffraction data for Nao.36Mn02 and Nao.i6Mn02 showing peak  108 
splitting as a result o f increasing average manganese oxidation state and hence 
changes in lattice parameters.
Figure 4.6. Observed, calculated and difference for the room temperature X-ray 109 
diffraction data for the Lebail extraction pattern of Nao.4oMn02 using model 1: a 
= 14.82 b = 5.907 c = 11.31 and/3= 105.166°.
Figure 4.7. Calculated, observed and difference for the Lebail extraction o f room 110 
temperature X-ray diffraction data o f Nao.4oMn02 using model 2: a = 16.17 b =
5.680 c = 12.28 andP  = 92.3460?.
Figure 4.8. Observed, calculated and difference for the Lebail extraction o f  X-ray 110 
diffraction data ofNao.nMn02 using model 1: a = 14.82 b = 5.907 c = 11.31 and 
P =  105.166°.
Figure 4.9. Observed, calculated and difference for the Lebail extraction o f  X-ray 111 
diffraction data ofNao.i?Mn02 using model 2 :a  = 16.17b = 5.680 c = 12.28 and 
P  = 92.3460°.
Figure 4.10. Observed, calculated and difference for the Lebail extraction ofX- 111 
ray diffraction data o f Lio.26Nao.i6MnO2 using model 1: a -  14.82 b = 5.907 c =
11.31 and P =  105.166°.
Figure 4.11. Observed, calculated and difference for the Lebail extraction ofX- 112 
ray diffraction data o f Li0.26^ 0 0 .16^nO2 using model 2: a = 16.17 b = 5.680 c =
12.28 andP = 92.3460°.
Figure 4.12. TGA trace showing three step decomposition route and percentage 113 
weight losses for Nao.39Mn0 2  in an inert atmosphere o f nitrogen.
Figure 4.13. TGA trace showing three step decomposition route and percentage 114 
weight losses for Nao.ieMn0 2  in an inert atmosphere o f nitrogen.
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Figure 4.14. TGA trace showing here step decomposition route and percentage 114 
weight losses for Lio.26Nao.i6Mn0 2  in an inert atmosphere o f nitrogen.
Figure 4.15. Zero field cooled (ZFC) and field  cooled (FC) magnetic 115 
susceptibilities o f Nao.39M.nO2, showing paramagnetic character; inset shows 
Curie-Weiss behaviour.
Figure 4.16. Magnetic susceptibility o f Nao.i6Mn0 2  showing a maxima at around 116 
22K with deviation from ZFC/FC susceptibility at 30K, typical o f a transition to a 
spin glass state; inset shows region below Tp.
Figure 4.17. Magnetic susceptibility o f Lio.26Nao.isMn02 showing a maxima at 116 
around 15K with deviation from ZFC/FC susceptibility at 45K, typical o f a 
transition to a spin glass state.
Figure 4.18. Magnetic susceptibility o f  Ko.osNao.]sMn0 2  showing a maxima at 117 
around 22K with deviation from ZFC/FC susceptibility at 30K, typical o f  a 
transition to a spin glass state.
Figure 4.19. Magnetic susceptibility o f  Nao.39Mn0 2  and intercalated species 117 
showing the transition from paramagnetic behaviour to a spin glass state.
Figure 4.20. Field cooled (FC) magnetic susceptibility o f Yo.26Nao.osMn02, 118 
showing paramagnetic character; inset shows Curie-Weiss behaviour.
Figure 4.21. Zero fie ld  cooled (ZFC) and fie ld  cooled (FC) magnetic 119 
susceptibilities o f  Yb0.45Na0.05M.nO2, showing paramagnetic character; inset 
shows Curie-Weiss behaviour.
Figure 4.22. Magnetic susceptibilities ofNao.39Mn0 2  and lanthanide intercalated 120 
species showing paramagnetic behaviour.
Figure 4.23. Resistivity ofNao.39Mn0 2  as a function o f temperature in zero field. 121 
Figure 4.24. Resistivity o f  Lio.26Nao.i6Mn02 as a function o f temperature in zero 121 
field.
Figure 4.25. Arrhenius plot o f In conductivity Vs 1/temperature for Nao.44Mn0 2 . 122
Figure 4.26. Arrhenius plot o f In conductivity Vs 1/temperature for  122 
Lio.26Nao.i6Mn02.
Figure 5.1. Structure o f Nao.44Mn0 2  shown along the c-axis., where the pink 125 
squares represent the MnOd octahedra, the pink triangles represent the MnOs 
square pyramids and the green spheres are the sodium cations.
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Figure 5.2. (a) Increasing average manganese oxidation state and (b) decreasing 129 
intercalation amounts as a function o f ionic radii.
Figure 5.3. TGA trace showing the two step decomposition route and percentage 131 
weight loss for Nao.44Mn0 2  in an inert atmosphere o f nitrogen.
Figure 5.4. TGA trace showing the two step decomposition route and percentage 131 
weight loss for Nao.i6MnC>2 in an inert atmosphere o f nitrogen.
Figure 5.5. TGA trace showing the two step decomposition route and percentage 133 
weight loss for Lio.26Nao.issMn0 2  in an inert atmosphere o f nitrogen.
Figure 5.6. TGA trace showing the three step decomposition route and percentage 133 
weight loss for Ko.osNao.i4Mn0 2  in an inert atmosphere o f nitrogen.
Figure 5.7. Observed, calculated and difference for the joint Rietveld refinement 135 
o f  (a) powder neutron data and (b) X-ray data for Nao.44Mn02 refined in the 
orthorhombic space Pbam space group.
Figure 5.8. Representation o f Nao.44Mn02 illustrating manganese ion sites, 137 
plotted from the Rietveld refined atom positions given in table 5.5, where the pink 
squares represent the MnOs octahedra, the pink triangles represent the MnOs 
square pyramids and the yellow spheres are the sodium cations.
Figure 5.9. X-ray diffraction patterns for Nao.44Mn02, Nao.i7Mn02, 138 
Li0.5Na0.nMnO2 and Ko.o4Nao.16Mn02 showing peak splitting as a result o f  
increasing average manganese oxidation state and hence changes in lattice 
parameters.
Figure 5.10. Observed, calculated and difference o f the Reitveld refinement ofX- 140 
ray diffraction data o f Lio.26Nao.jssMn02 in the Pbam space group.
Figure 5.11. Observed, calculated and difference o f the Rietveld refinement ofX- 140 
ray diffraction data for Ko. osNao. i eMn O2 in the Pbam space group.
Figure 5.12. Plot o f cell volume Vs ionic radii o f tunnel cation. 141
Figure 5.13. Field cooled (FC) magnetic susceptibility for Nao.44Mn0 2  showing a 143
maxima at 16K indicative o f antiferromagnetic ordering; inset shows Curie-Weiss 
behaviour.
Figure 5.14. Magnetic susceptibilities observed as a result o f intercalation o f  144 
Nao.44Mn0 2  showing the increasing paramagnetic character.
Figure 5.15. Resistivity as a function o f temperature for Nao.44Mn(?2. 145
Figure 5.16. Arrhenius plot o f In conductivity Vs 1/temperature for Nao.44MnC>2 . 145
14
Figure 5.17. X-ray diffraction patterns for Ko. osNao.i4Mn0 2  and the acid leached 146 
material showing negligible changes in lattice parameters and loss o f long range 
structural order.
Figure 5.18. TGA/DSC traces showing the three step decomposition route and 148 
percentage weight losses for Nao.44Mno.s9Feo.1 1O2 in an inert atmosphere of 
nitrogen.
Figure5.19. Observed calculated and difference for the Rietveld refinement o f  149 
room temperature X-ray diffraction data for Nao.44Mno.s9Feo.11O2 in the space 
group, Pbam.
Figure 5.20. Observed, calculated and difference for Rietveld refinement o f room 151 
temperature X-ray diffraction data for acid treated Nao.20Feo.11Mno.s9O2 refined in 
the Pbam space group.
F ig u r e  5.21. F ie ld  c o o le d  (F C ) m a g n e t ic  s u s c e p t ib i l i ty  f o r  Nao.44Feo.11Mno.s9O2 153 
s h o w in g  m a x im a  a t  lo w  te m p e r a tu r e ;  in s e t  sh o w s  C u r ie -W e is s  b e h a v io u r .
Figure 5.22. Magnetic susceptibility showing low temperature maxima and 154 
divergence between zero field cooled (ZFC) and field  cooled (FC) measurements 
for Nao.20Feo.11Mno.8 9O2 indicative o f a spin glass; inset shows Curie-Weiss 
behaviour.
Figure 6 .1 . Schematic representation o f  (a)a-NaMn0 2  and (b) p-NaMn0 2 , where 159 
the pink squares represent the MnOs octahedra and the yellow spheres are the 
sodium cations.
Figure 6.2. X-ray traces showing growth o f the a-Nao.70MnO2.05 phase, (a) X-ray 160 
taken after a few  months, showing increase in peak at ~16°. (b) Shows almost 
complete conversion o f  a-NaMn02 phase into a-Na0.70MnO2.05; inset shows the 
pure a-NaMn0 2  phase.
Figure 6.3. Observed, calculated and difference for the Reitveld refinement o f  161 
5 OK neutron data for a-NaMn0 2  refined in the C 2/m space group.
Figure 6.4. Observed, calculated and difference for the Rietveld refinement o f  162 
room temperature X-ray diffraction data for a-NaMn0 2  refined in the C 2/m 
space group.
Figure 6.5. Observed, calculated and difference for the Rietveld refinement o f 162 
5 OK neutron diffraction data for J3 -NaMn0 2  refined in the Pmmn space group.
Figure 6 .6 . Observed, calculated and difference for the Rietveld refinment o f 164 
room temperature X-ray diffraction data for p-NaMn0 2  refined in the Pmmn 
space group.
Figure 6 .1. TGA trace showing a three step decomposition route and percentage 165 
weight losses for a-NaMn0 2  in an inert atmosphere o f nitrogen.
Figure 6 .8 . TGA trace showing a two step decomposition route and 165 
percentageweight losses for J3 -NaMn0 2  in an inert atmosphere o f nitrogen.
Figure 6.9. Ball and stick representation o f (a)a-NaMn0 2  and (b)/3 -NaMn0 2  166 
showing sodium packing where the pink atoms are manganese ions, red are 
oxygen and yellow are Na cations.
Figure 6.10. Room temperature X-ray diffraction traces for a-NaMn0 2  and 167 
intercalated species showing the increased layer as indicated by the [ 0 0 1 ] peak at 
~16° two theta belonging to the birnessite phase.
Figure 6.11. Observed, calculated and difference o f the lebail fit o f the room 168 
temperature X-ray for a-NaMn0 2  after intercalation with lithium in the C2 /m 
space group.
Figure 6.12. Observed, calculated and difference o f the lebail fit o f the room 168 
temperature X-ray for a-NaMn0 2  after intercalation with potassium in the C2/m 
space group.
Figure 6.13. Observed, calculated and difference o f the lebail f it o f the room 169 
temperature X-ray for a-NaMn0 2  after intercalation with copper in the C2/m 
space group.
Figure 6.14. Observed, calculated and difference o f the lebail fit o f the room 169 
temperature X-ray for cc-NaMn0 2  after intercalation with cesium in the C2/m 
space group.
Figure 6.15. Observed, calculated and difference o f the lebail fit o f the room 170 
temperature X-ray for a-NaMn0 2  after intercalation with NH4 in the C2/m space 
group.
Figure 6.16. (a) Cell Volume and (b) lattice parameter c (interlayer gap) as a 170 
function o f ionic radii.
Figure 6.17. Room temperature X-ray diffraction traces for [3 -NaMn0 2  and 
intercalated species showing the increased layer separation as indicated by the 
peak at ~9° two theta.
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Figure 6.18. Zero field cooled (ZFC) and field  cooled (FC) magnetic 172
susceptibilities o f a-NaMnO2  showing metamagnetic character.
Figure 6.19. Zero field  cooled (ZFC) and field  cooled (FC) magnetic 173
susceptibilities offi-NaMnO 2 showing metamagnetic character.
Figure 6.20. Magnetic susceptibilitiy showing maxima at 20K indicative o f  173 
antiferromagnetic ordering for lithium intercalated dNaMnC>2, inset shows Curie- 
Weiss behaviour.
Figure 6.21. Magnetic susceptibilities for copper intercalated aNaMnO2 showing 174 
a divergence between zero field  cooled (ZFC) and field cooled (FC) 
measurements indicative o f spin glass behaviour; inset shows the region below 
Tf .
Figure 6 .2 2 . Magnetic susceptibilities for potassium intercalated pNaMnC>2 175 
showing the divergence between zero field  cooled (ZFC) and field cooled (FC) 
measurements indicative o f spin glass behaviour; inset shows the region below 
Tf .
Figure 6.23. Field cooled (FC) magnetic susceptibility showing spin glass 176 
behaviour for NH4 intercalated fiNaMn0 2 .
Figure 6.24. Computer generated representation o f  the intercalation o f pyrrole 176 
into the tunnel sites o f todorokite.
Figure 6.25. X-ray diffraction traces for the parent two phase 177 
todorokite/birnessite material and the pyrrole intercalated material showing 
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CHAPTER 1. Introduction.
1.1. Introduction to Porous Manganese Oxides.
The structural and physical properties of some porous manganese oxides are reviewed 
in this chapter with an emphasis placed on those reported within this thesis. More 
specific chemical features are introduced on individual systems at the beginning of the 
relevant chapter.
Over many years there has been extensive work on porous materials, including 
aluminosilicates, zeolites, clay minerals and mesoporous silicates, often built on well 
defined three dimensional frameworks of aluminium, silicon and oxygen. Zeolites are 
extensively used in industry for their catalytic and porous activity such as the use of 
Chabazite and Clinoptilolite in the removal of ammonia from wastewater.1'3 There has 
been a recent expansion of the known mesoporous and microporous metal oxides with 
similar cage like structures in terms of size and accessibility, to those exhibited by 
zeolites.4 For example, materials based on Z1O2 and with pore sizes of 20-40A
and 8.5-20A respectively have been reported.5'7 More specifically there are a number of 
reported transition metal oxides showing one dimensional tunnels and layered 
structures, whereby the structural diversity of these materials is dependent upon the 
route of synthesis and template ion used.8"17
One family of interest, and the main focus of this thesis, are porous manganese 
oxides. These materials have a framework composed solely of manganese and oxygen. 
The frameworks are composed of vacant channels or layers, which have the ability to 
intercalate or absorb various molecules making them of interest. Pore sizes range from 
3 A up to about 12A.18 As with zeolites many of these materials can be found naturally 
as part of mineral deposits but growing interest in potential applications has lead to the 
development of synthetic analogues and the preparation of novel materials.19,20 The 
tunnel and layered structures of MnC>2 phases are mostly built up exclusively of edge 
and comer shared MnC>6 octahedra. More complex structures also exist, such as that 
exhibited by Nao.44Mn02, which contains MnC>6 octahedra and MnOs square 
pyramids.21 The tunnels or inter layer spacing formed within the frameworks are usually 
occupied by alkali metals and alkaline earth metals such as Na+, K+ or Mg2+ and/or 
water molecules, which are thought to act as a template in their synthesis.
Extraction or insertion of template ions within the framework can be done
1 fi 00 00topotatically by two different mechanisms, as listed below. ’ ’
26
CHAPTER 1. Introduction.
I) Redox-type mechanisms.
AMnUI0 2 - xe -> Ai.xMn1.xIIIMnxIV02 + xA+ (1.1)
II) Ion exchange mechanisms.
AMnni0 2 + xH+ Ai.xHxMnni0 2 + xA+ (1.2)
where A is a cation such as Na+, Li+ or K+.
A large structural diversity of porous manganese oxides exists since many
metals or organic ions can be used as templates to control the dimensions of the tunnel,
these templates can be readily removed by chemical and electrochemical reactions 
facilitated through the ready conversion between Mn4+ and Mn3+. However it is difficult 
to obtain large single crystals of these materials due to the formation of defects.18
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Figure 1.1. Schematic repre^^tqtjon o f some tu ^ ^ a y id  layered structures where the
pink squares represent the MnOf, octahedral units.3
(a) One dimensional Structures belonging to the Pyrolusite-Ramsdellite family,24
(b) One dimensional structures belonging to the Hollandite-Romanechite family,
(c) One dimensional structures belonging to the Todorokite family.
27
25
CHAPTER 1. Introduction.
Turner and Buseck26 proposed that simple tunnel and layered manganese oxide
minerals could be classified into various groups based on the number of edge-sharing 
MnC>6 octahedra, whereby the Pyrolusite-Ramsdellite family consists of structures built 
up by one MnC>6 octahedra corner shared with a chain of n octahedra to form a (1 x n) 
tunnel. Pyrolusite has the ( 1x1 )  configuration involving one MnC>6 octahedron that is 
comer shared with another MnC>6 octahedron to form a tunnel of (1 x 1) dimensions. 
When n = this corresponds to an infinite unit width and therefore a layered structure. 
Also based on this classification are the Hollandite-Romanechite family with (2 x n) 
framwork structures and the Todorokite family with a (3 x n) network. Diagrammatic 
representations of some tunnel and layered structures are given in figure 1.1. In 
addition, there are a number of more complex structures often formed through the 
intergrowths of two or more of these family members. For example Ba6Mn2404« (Figure 
1.2(a)) can be thought of as a combination of pyrolusite and hollandite building blocks, 
as well as an additional tunnel formed by 10 MnC>6 octahedra.27
Figure 1.2. Complex tunnel structures o f (a) Nao.44Mn02 viewed down the c axis, where 
the pink squares and triangles represent the MnC>6 octahedra and the MnOs square 
pyramids respectively and the green spheres are the sodium cations and (b) Ba6Mn24C>48 
structure composed o f a combination o f pyrolusite and hollandite as well as an 
additional tunnel formed by 10 MnOf, octahedra, where the blue squares are the MnO(, 
octahedra and the green spheres are the barium cations.
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1.2. Potential Applications of Porous Manganese Oxides.
Much of the interest in these materials stems from their many potential applications, 
such as excellent cation-exchange and molecular absorptive properties that could lead to 
possible uses as;18
• Ion sieves.
• Molecular sieves.
• Catalyst properties, such as the catalytic decomposition of pollutants, (similar to 
those of the aluminosilicates)
• Chemical absorption.
1.2.1. Ion/Molecular Sieve Applications.
Ion and molecular sieve applications of zeolite and silicate framework structures are 
well known and widely used in industry.2 The size of the pore or tunnel is determined 
by the template used during synthesis thus allowing the opportunity of producing a size 
selective ion/molecular sieve.18 The application of porous manganese oxides such as 
hollandite, todorokite and bimessite, which have effective pore radii o f 0.14, 0.27 and 
0.15nm respectively, as ion sieves materials have recently been investigated.18 These 
structures have lead to the development of advanced separation and sensing technology 
with the application of these ion sieve properties. For example magnesium todorokite 
which has a pore size of 0.69nm shows attractive properties for C6H12 and CCI4 
absorption, whose dimensions are 0.6 lnm and 0.69nm respectively.28 To activate the 
manganese oxide ion or molecular sieves, the template ion must be removed from the 
framework by topotatic extraction reaction with acid. After extraction, metal ions can 
enter into the tunnels and the inter layer spaces again by topotatic reaction.
Ooi et al suggested that the absorption sites within the framework could be 
classified into non specific and specific sites, where crystal surface sites are non­
specific ion exchange sites and the bulk crystal includes both specific ion exchange and 
specific redox sites.29,30 It is worth noting that ion exchange sites show a higher acidity 
and stability than redox sites. The ion sieve properties were characterised by pH titration 
and distribution coefficient measurement studies. The selectivities of manganese oxide
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ion sieves for the absorption of metal ions have been reported by many authors and are 
strongly dependent on their structures. Some selectivity sequences are given below;
Li+ < Cs+, Na+ «  Rb+ < K+ - Hollandite.30’32 
Li+ < Na+ < Cs+, K+ < Rb+ - Birnessite.33 
Li+ < Na+ < K+ < Rb+ < Cs+ - Todorokite.34
It is important to note that selectivity is a consequence of the mismatch between 
each tunnel and its ideal sized cation.35
1.2.2. Catalysis.
Manganese oxides, in combination with other transition metal elements, serve as highly 
active and thermally stable catalysts for the oxidation of a variety of volatile organic 
materials.18 Suib et al have carried out an extensive study of the possible catalytic 
potential of hollandite, todorokite and birnessite.36 It has been shown that the catalytic 
oxidation of cyclohexane and n-hexane in aqueous solution in a batch reactor shows 
conversions of 10 and 8% respectively for Hollandite.37 It has been suggested that 
whilst the reaction mechanisms are complicated they clearly point to both a shape 
selective effect and to selective oxidations. The rate of reactions is controlled by the 
average manganese oxidation state and therefore the primary focus of catalytic reactions 
has been in oxidation reactions. The oxidation of CO by hollandite at low temperatures
is very efficient and in general small tunnel materials are usually more active and
selective than those with larger tunnels.36 The degradation of dye molecules, such as 
pinacyanol chloride dye, was investigated over a pH range of 6-11 at room 
temperature.36 Doping of the framework with other transition metals affects the catalytic 
activity, with Fe, Cr and Co showing increased activities of 67.7%, 58.6% and 51.4% 
for hollandite (OMS-2) and 17.6%, 16.5% and 18.1% for todorokite (OMS-1) whilst Ni 
and Cu exhibited a decrease in the activity to 39.5% and 31.9% for OL-1 and 10.4% and 
9.4% for OMS-1 relative to the pure Mn framework which shows activities of 45.9% 
and 13.3% for OMS-2 and OMS-1 respectively.36,38 It has been reported that manganese 
oxides can be used as photo catalysts for the oxidation of Propan-2-ol to acetone and for 
the decomposition of phosphine and phosphine oxide.39 However a poisoning of the 
catalyst has posed a real problem.36
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1.2.3. Lithium Battery Technology.
The search for high energy rechargeable batteries have lead to significant development 
of materials for the different battery components; anodes, cathodes and electrolytes. 
Attention has been paid in particular to advanced lithium batteries with layered 
materials as cathodes. Generally the chemical reactions that take place within the cell 
consist of intercalation of Li ions into the host structure during discharge, followed by 
deintercalation from the host lattice during charging (oxidation) without significant 
modification of the host structure.25 This is demonstrated in figure 1.3.
Discharge
Li+
Cathode Electrolyte
(MnC>2 intercalation 
materials)
Anode
(Li metal or Carbon)
Charge
Electrolyte
Figure 1.3. Schematic representation o f charge and discharge mechanisms fo r lithium
batteries. 22
Manganese oxides having good electrochemical performances are attractive as
cathode materials in lithium cells because manganese has economic and environmental
advantages over compounds based on Co or Ni which are currently used.40-42
Lio.44Mn02 has been investigated as an intercalation electrode 43 The lithium content of
the host was varied by chemical and electrochemical intercalation/de intercalation over
the range LixMn02; 0.25 < x < 0.63. The associated change in the Li site occupancies
was determined by a combination of powder neutron diffraction and electrochemical
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measurements. It was reported that the structure demonstrates a remarkable ability to 
cycle Li with no perceptive loss of capacity when cycled over the 2.8 - 3.6V range 
corresponding to a capacity of 85 - 90mAh/g.21,44 A concise review of the potential of 
lithium manganese oxide materials as insertion electrodes is available in reference 45, 
which highlights the structural versatility of these materials, their structural stability and 
limitations 45 Doping of these materials with other transition metal ions, such as Fe or 
Co, to stabilise the framework structure have also been reported.46,47
1.2.4. Magnetic Applications.
Whilst extensive studies have been conducted into the magnetic properties and the 
structure of non porous perovskite and pyrochlore structures,48'53 little work has been 
done on porous manganese oxides. Magnetism in NaxMn02 phases was briefly 
mentioned by Parent et ar/.54,55 The magnetic ordering in hollandite and todorokite 
materials has also been discussed, with these materials reported as spin glasses.56 Many 
of these systems contain manganese in non integral formal oxidation states, thereby 
offering interesting correlations between the structure and electronic interactions. These 
studies have heightened importance since the discovery of colossal magnetoresistance 
(CMR), in manganese perovskites and pyrochlores. Magnetoresistance (MR) is the 
relative change in electrical resistance of a material on the application of a magnetic 
field defined by equation 1.3.
MR = p{H )-p(0) /p (0)  -(1.3)
Where MR is the magnetoresistance, p(0) is the resistivity in zero field and p(H) is the 
resistivity in an applied field.
Materials showing such properties have aroused great interest recently due to 
their possible application in magnetic storage and sensing devices.57'61 Much of this 
work has been related to the perovskite system, of general formula, AMnCb (where A = 
alkali earth metal and/or lanthanide ion).
The mechanism for CMR in perovskite type materials involves the double 
exchange interaction between the mixed valence manganese ions Mn3+ and Mn4+ 
leading to simultaneous ferromagnetic ordering and metal-insulator transition.49,61
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Colossal magnetoresistance is also observed in the pyrochlore structure, TkM^Oy, 
which is comprised entirely of Mn4+ ions and therefore excludes the double exchange 
interaction. It is suggested that the CMR effect is derived from the interactions between 
low carrier electrons originating from the Tl-O overlap and localised ferromagnetic 
electrons caused by superexchange between the Mn ions.61
1.3. Preparation of Porous Manganese Oxides.
Both the tunnel and layered manganese oxides can be prepared synthetically by a 
number of different processes, but since the oxides are metastable in comparison to 
condensed phases, the majority of the preparations fall into the ‘chimie-douce’ regime, 
particularly those with larger tunnel sites such as todorokite. These processes can be 
split into three main groups;22
I) Dry Processes - solid state reactions/melting salt reflux processes.
II) Wet Processes - redox precipitation processes/hydrothermal processes/soft 
chemical processes.
III) Wet and Dry Processes - sol-gel processes.
The specific route used in the synthesis of many of these materials has a direct effect on 
their observed ion sieve, electrochemical or catalytic properties despite displaying 
similar structures. These differences can mainly be attributed to variations in particle 
size and the type/amount of defects in the structure. This means that small changes in 
synthetic parameters can often greatly alter their properties and this also accounts for 
differences observed between naturally occurring minerals and their synthetic 
counterparts. Phases with large tunnels or hydrated layered structures, such as 
todorokite and buserite, can only be prepared by wet processes.22
I)Dry Processes.
High Temperature Solid State Routes.
In solid state reactions, metal ions are used as templates with the resulting tunnel 
size/inter-layer width being dependent upon the size and quantity of the template used, 
which are usually an alkali or alkaline earth metal. The preparation of Ba6Mn24C>4 8, see 
figure 1.2b, by solid state techniques, yielded highly ordered samples when compared to 
those prepared by ‘chimie-douce’ methods due to the high temperatures used,27 though
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this preparation did not yield a single phase product and small amounts of minor phases 
were present. Parent et al, prepared a number of manganese oxides with tunnel and 
layered structures based on the general formula Nai.xMn0 2 , where x has values of 0 to 
1 .54,55 These phases were prepared under oxygen pressures of 1 and 4 bar at varying 
temperatures. Additionally Nao.44Mn02 has also been prepared by various authors in air 
at 800°C.21’44
The related composite tunnel structure of LnM^Os (where Ln is a rare earth) is 
also prepared at high temperatures.62,63 LnM^Os can be thought of as a complex one 
dimensional tunnel structure, consisting of manganese with octahedral (Mn06) and 
square pyramidal (MnOs) co-ordination, though in this case the lanthanide ions cannot 
be removed. These rare earth oxides were prepared by solid state techniques from citrate 
gel precursors. After removal of the organics from the precursor materials, the samples 
were reacted at 1000°C under flowing oxygen.13,14 Single crystals of NdM^Os were 
made by reacting MnC>2 and NdCl3 (equation 1.4) at 1123K in an evacuated sealed silica 
tube for a week.64
5Mn02 + 2NdCl3 2NdMn20 5 + MnCl2 + 2C12 -(1.4)
I^MiljOio which is isostructural with LnM^Os was prepared by heating Bi2 0 3 
and MnC>2 at 850°C in air for 24 hours and then slowly cooled to room temperature.65
Melting Salt Flux Processes.
It is usually difficult to obtain large crystalline samples of porous manganese 
oxides by the molten salt flux process, though, it has been reported for Ba6Mn24C>4 8 .27 
Furthermore, crystalline samples of the orthorhombic layered oxide, LiMn(>2, have been 
prepared by Tang et al using a (LiCl and LiOH) flux.23
I) Wet Processes.
Redox Precipitation/Ion Exchange.
The reduction and precipitation of permanganate salts in solution is a common
route to the production of synthetic manganese oxides. Bimessites and hollandites are
frequently prepared by this method, however, whilst birnessite can be obtained in either
alkaline or weakly acidic solutions, an acidic solution is required to obtain compounds
with the hollandite structure.18 Layered birnessite materials are prepared typically with
alkali earth ions between layers and small amounts of hydrated water.22 Bimessites as
with other porous structures can undergo ion exchange reactions with the template
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cation being replaced. Luo et al performed a detailed investigation on the contribution 
of various synthetic parameters to the crystallinity and ion exchange properties of 
birnessite.20
Thin films of porous manganese oxides have been prepared from a solution 
obtained by redox precipitation of KMnC>4 and sucrose. The thin films are then prepared 
via immersion, spray coating, spin coating or spatula coating.66 Extensive ion exchange 
reactions have been employed in the preparation of Lio.44Mn(>2. Nao.44Mn0 2  is prepared 
by conventional solid state techniques as a precursor usually from Na2CC>3 and Mn2 0 3  
and ion exchange reactions are performed to exchange the Na for Li. Alternatively, ion 
exchange can be performed as described in the preparation of layered LiMn(>2, the 
manganese oxide is refluxed with n-Hexanol and an excess of LiBr20,43,67 though, this 
leads to an incomplete exchange. A new method was proposed using a eutectic mixture 
ofLiNCVLiCl (88/12 mol%), the precursor was mixed with an appropriate amount of 
ion exchange medium (5-10 fold Li excess) and fired at 260-275°C. On cooling the 
solidified melt is dissolved in ethanol and the product filtered, washed and dried. A 
concise literature review of extraction/ion exchange is given elsewhere.18
Hydrothermal Methods.
Hydrothermal methods rely on the action of water at temperatures near its critical 
temperature in a closed bomb and therefore under high pressures.68 This is a useful and 
unique method for the preparation of tunnel and layered manganese oxides, and 
comprises of two steps;
1) Preparation of a framework with a layered or analogous structure with 
template ions or molecules occupying the inter-layer space.
2) Transformation o f the layered structure into a tunnel one by hydrothermal 
treatment. The dimensions of the resulting tunnel can be designed and 
predicted easily from the dimensions of the template used
This process has been used recently in the synthesis of ion and molecular sieves from
layered birnessite or burserite precursors, to produce, for example, todorokite.18 A
systematic study has been carried out on the effect of the template on tunnel size under
low temperature hydrothermal conditions.33,69 Spinels and birnessite can be prepared by
hydro thermally treating y-Mn02 in LiOH, NaOH or KOH solution.33,39 Bimessites are
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also obtained by hydrothermally treating P-MnC>2 or a-MnCh in a NaOH solution.70'72 A 
summary of the favourable transformations is given in Figure 1.4. These transformation 
reactions are carried out at low temperature to prevent destruction of the metastable 
tunnel structure. The template ion or molecule can be incorporated into the precursor 
from the solution phase during the transformation reaction.25,69,71'77
Ion exchange 
reaction
©
Layered structure/ (©
• - n s "
©
LixAln(OH), z+
Todorokite
/ W \ A A 7
Liphiophorite
Figure 1.4. Transformation reactions from birnessite to tunnel and layered manganese 
oxides under hydrothermal conditions, where the squares represent the MnOf,
octahedra. 18
III) Wet and Dry Processes.
Sol-Gel Processing.
Sol-Gel processing offers new approaches to the synthesis of transition metal
oxides based on inorganic polymerisation from molecular precursors and many tunnel
and layered manganese oxides can be prepared by this method.78,79 These reactions
occur in solution and the term ‘sol-gel processing’ is often used broadly to describe the
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synthesis of inorganic oxides by wet chemistry methods. In this process the gel is heated 
to remove trace amounts of organic materials and then heated at an optimal temperature 
to yield the desired product. Hollandite, bimessites and spinel type manganese oxides 
have been synthesised in this way.18,31,35,80‘86
1.4. Overview of the NaxM n02 System.
A summary of the structural motifs and phase diagram for Nai.xMnC>2 , where 0 > x > 1, 
is given in table 1.1 and figure 1.5 respectively. These tunnel and layered manganese 
oxide structures were first reported by Parent et al in 1971.54 All phases were prepared 
in oxygen at various temperatures and pressures to maintain the Mn oxidation state 
above 3. Nao.4oMnC>2, Nao.44Mn02 and both a  and (3 Nao.7oMnC>2 are semiconductors. It 
is evident that the sodium composition plays an important role in the structure of the 
phase, as it is possible to obtain different structures by varying the temperature, pressure 
and sodium content.
1000°C
pN ^70MnO2^ y |BNaMn02
+ +
Nao.44MnC>2 pNaa-joMnO^y pNaMnOa Na,Mn04
900- + +
N ao .4 4 M n C > 2M112Q3
800. pN ^70MnO2Hy ocNaMnO.
+ +
ocNaMn02 N%Mn04
700 N^ j44Mn02 ■' Y=0
Nao.4oMn O2
M112O3 Y=0.5 _
600 N ^44 Mn02
ctN^,70MnO2^  + N^Mn04
M112O3 Nao 4oMnC>2 Nao.44Mn02 Nao.ToMnO^y NaMnC^ Na/Mn
Figure 1.5. Phase diagram for the NaxMn(>2 system depicting the phases obtained as a 
function of sodium content (x) and temperature, under oxygen pressure of 1 Bar.9
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Table 1.1. Summary o f phases, synthesis and properties o f the NaxMn02 family as 
reported by Par ant et al.54
Phase Structure
Type
System Preparation Properties
Nao.2Mn02 Hollandite 
(figure 1.1(a))
T etragonal 4 Bar oxygen 
pressure.
Not measured
Nao.4Mn02 Romanechite Monoclinic 1 Bar oxygen Antiferromagnetic
(figure 1.1(b)) Pressure. Tn ~ 25K
Nao.44Mn02 1D structure Orthorhomb ic 1 Bar oxygen No order of
(figure 1.2(a)) pressure. magnetism between 
20 and 300K.
PNao.7MnC>2 Layered Orthorhombic 1 Bar oxygen Spontaneous
aNao.7Mn02 Layered Hexagonal pressure magnetism under 
60K.
PNaMn02 Layered Orthorhombic 1 Bar oxygen Meta-magnetic
(figure 1.6(a)) pressure similar to aNaNi0 2 .
aNaMn02 Layered 
(figure 1.6(b))
Monoclinic
(a) v v v v. n \ \
\ v v T T T v v V
m m m m m
k \ \ K  V W A  V
Figure 1.6. Schematic representation o f (a)oc-NaMn02 and (b) J3-NaMn02, where the 
pink squares represent the MnOe octahedra and the yellow spheres are the sodium 
cations.
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CHAPTER 2: Theory and Experiment 
2.1. Introduction.
This chapter gives an overview of the experimental techniques used in the structural and 
property characterisation of the porous manganese oxide materials reported in this 
thesis. The individual mechanisms for the synthesis of these materials are discussed 
later as part of the experimental sections in the relevant chapters.
2.2 Diffraction Techniques.
The unit cell is the smallest unit that repeats infinitely to form a crystal. The diffraction 
condition can be expressed in reciprocal space where the relationship between the 
reciprocal lattice and the crystal structure is given by equation 2.1.
bxc cxa . axba = ----- b = ------ c = ------ -(2.1)
Vc Vc Vc
Where Vc is the volume of the unit cell and hence;
Vc = a - \ p X c )  -(2.2)
The reciprocal lattice vector d* = ha*+ kb* + cl* is perpendicular to the direct 
lattice planes with Miller indices [hid], with magnitude being the reciprocal of the 
shortest distance between these [hkl] planes.
K I = t -  -(23)
“ hkl
A useful representation of the diffraction process is given by a set of lattice 
planes. Bragg regarded each of these planes as a semi transparent mirror such that when 
a crystal is bombarded with x-rays some of the beams are reflected by a plane, whilst 
the remainder are transmitted to be reflected by subsequent planes. (Figure 2.1.) If we 
consider a crystal to be comprised of planes A and B, for the reflected beams 1 ’ and 2 ’ 
to be in phase, then the additional distance that beam 11 ’ has to travel compared to 22’,
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which is a distance of xyz, has to be an exact multiple of the wavelength. The distance, 
d, between the planes and the angle of incidence, 0, (Bragg angle) is related to the 
distance xy by equation 2.4, Bragg’s law is thus given by equation 2.5.
y
Figure 2.1. Graphical representation o f Bragg’s Law fo r X-ray Diffraction.
xy = yz = d  sin 0 -(2.4)
nX = 2d sin 6 -(2.5)
Where n is an integer, X is the wavelength, d is the interplanar spacing and 0 is the 
Bragg angle.
The requirement for the reflected beams to be in phase is due to the necessity for 
the radiation to interfere constructively. Reflected beams, which are out of phase, even 
by a small amount, interfere destructively resulting in their complete cancellation. A 
simple geometric construction in reciprocal space, developed by Ewald, helps in 
understanding when a Bragg reflection is or is not observed. The origin, O, is defined as 
the point where the incident beam, ko, terminates and C as the centre of a sphere of 
radius 1/X. The diffraction condition is met if one or more reciprocal lattice points, such 
as the point P, lie on the surface of the sphere, making the Bragg angle, 0, such that the 
angle OCP is equal to 20.
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Incident
Beam
*
a
Figure 2.2. Schematic representation o f the scattering triangle for elastic scattering in a 
reciprocal lattice plane described by Ewald.
The position of diffracted radiation is determined by the distance between the 
Miller planes and therefore, the lattice parameters of the crystal. The relative intensities 
of the Bragg reflections, Ihki, are dependent on a number of factors but most importantly 
on the position of the atoms within the unit cell. The scattering power for a reflection 
[hkl] is defined by the structure factor, Fhki, where Ihki is the square of the amplitude of 
the structure factor as shown by equation 2.6. In the case of X-ray scattering it is the 
atomic electrons that scatter radiation while the nucleus is responsible for diffraction in 
neutron scattering.
/ * , = K T  -(2 -6 )
The structure factor is given in equation 2.7 for X-rays and 2.8 for neutron diffraction.
Fm = Y j f i  exP[“  2™(hx< + tyi + lzi )]exp(- Wi ) -(2.7)
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Fku = H bi exP[“ ^ (h x , + ky, + Iz, )]exp(- Wf) -(2.8)
The fractional co-ordinates of the ith atom are Xj, yi and Zj, f, is the scattering amplitude 
for the X-rays, bi the neutron scattering length and Wi is the Debye-waller isotropic 
temperature factor and takes into account the thermal vibration of the atoms as defined 
by equation 2.9.
2.2.1. Powder X-ray Diffraction.
Laboratory X-ray diffractometers are composed of three main components: a 
monochromator, which diffracts X-rays giving single wavelength radiation, a source, 
and a radiation detector. The X-ray source is a highly evacuated tube consisting of a 
metal target, which is typically copper, and a filament. The filament is heated emitting 
an electron beam, which is accelerated towards the copper target. The electron beam 
ionises core electrons from the K-shell (Is) of the copper, which results in the transition 
of electrons from higher, filled, shells to drop into the vacant (Is) orbitals emitting 
electromagnetic radiation. The difference between the high shells and the (Is), is in the 
X-ray range which therefore produces X-ray radiation. This relaxation of electrons into 
the vacant (Is) orbital is governed by the transition selection rule, which requires a 
change in orbital angular momentum of one (Al = +/-1) thus the relaxing electron must 
come from the L (2p) or M (3p) orbitals, resulting in two intense lines in the emission 
spectrum.
X-ray data for the materials discussed in this thesis were collected using the 
Siemens D500 X-ray diffractometer, using a copper source. For the purpose of these 
experiments the diffractometer was fitted only with a secondary graphite 
monochromator to minimize manganese fluorescence. Samples were finely ground and 
laid into an amorphous ceramic X-ray plate to minimize preferred orientation effects. 
The materials were initially studied over a two-theta range of 5 to 70°, stepwise in steps
-(2.9)
Where (uf 'j is the mean square displacement of the ith atom.
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of 0.04° at 1 second per step to verify phase purity. Longer scans were then collected 
over a two-theta range of 5 to 100° in smaller steps of 0.02° at 12 seconds per step. 
Collected data were then refined in most cases using the Rietveld method discussed in
2.2.4.
2.2.2. Powder Neutron Diffraction.
There are two standard techniques for the production of neutrons: spallation and reactor 
sources. The Rutherford Appleton Laboratories (RAL) in Didcot, Oxon, UK is a 
spallation source, which generates pulses of neutrons analysed through the time of flight 
(TOF) technique. Constant wavelength diffraction is performed using a reactor source 
such as that employed by the National Institute of Standards and Technology (NIST) in 
Gaithersburg, MD, USA.
2.2.2.I. Constant Wavelength Experiments.
Powder neutron diffraction is widely performed using constant wavelength beams from 
steady-state nuclear reactor sources. In a typical experimental arrangement, thermal 
neutrons from a nuclear reactor are guided through a collimator to a large single crystal 
monochromator, which directs single wavelength radiation onto the sample. The sample 
then scatters the radiation, which is then picked up by the detector. (Figure 2.3)
Detector
Figure 2.3. Schematic diagram o f a powder neutron diffractometer operating at 
constant wavelength.
Reactor
Sample
Collimator
Mono chromator
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BT1 Diffractometer at NIST, USA.
Powder neutron diffraction data for some of the phases described in this thesis were 
collected using the BT1 diffractometer at the National Institute of Standards and 
Technology. Experiments using the BT1 Diffractometer are at constant wavelength, 
with the reactor producing a thermal flux of 4 x 104 neutrons/cmV using uranium fuel 
cells. A choice of 3 monochromators, of different mosaic spread, namely Ge[311], 
Cu[311] and Si[531], utilising different take off angles as shown in table 2.1. Two 
different incident Soller collimators allow the instrument response to be tailored to the 
needs of the experiment. The diffractometer is a 32 detector instrument allowing data to 
be collected over a two theta range of 0 to 1670.1
Table 2.1. Monochromator information forB T l at NIST.
Monochromator in-pile
Collimation
(arcmin)
2Theta
Relative
Bragg
Intensities
Flux
(ns_Icm'2)
Wavelength
(A)
Ge[311] 15' 75° 3.34 700,000 2.0784
Ge[311] 7 75° 1.84 400,000 2.0795
Cu[311] 15' 90° 1.00 400,000 1.5401
Cu[311] 7 VO o o 0.59 200,000 1.5405
Si[531] 15' 120° 0.47 200,000 1.5903
Si[531] 7 120° 0.33 100,000 1.5904
Neutron diffraction measurements were performed on the Lni_xCai+xMn0 4  series 
discussed in chapter 7 using a Cu [311] monochromator (A, = 1.5401 A) and 15’ final 
collimation. Scans were taken from 3° to 165° with a step size of 0.05°. Additionally 
data were collected at room temperature for the Nao.4oMn0 2  material.
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22.2.2. Pulsed Experiments.
A second possible experimental arrangement makes use of an accelerator based source, 
which produces a pulsed neutron beam. In the case of a spallation source, neutrons are 
produced by bombarding a heavy metal, for example U or Ta, with highly energetic 
protons (~800 MeV) at a certain frequency. A high flux, white neutron pulse (typically 
about 30 neutrons per proton) emerges from the target. These highly energetic neutrons 
need to be moderated in order to increase the proportion of the useful thermal ones with 
wavelengths appropriate for diffraction from crystals. However, the moderation of the 
white neutron beam also creates a significant amount of epithermal neutrons. As a 
result, the neutron flux extends down to a very short wavelength (A, -0.6A) compared 
with reactor sources. In a conventional experiment, the detector is placed at a fixed 
scattering angle 20, and the time that neutrons with different wavelengths take to reach 
the detector can be measured through the time of flight method and the scattered 
intensity is determined as a function of the wavelength. (Figure 2.4)
Figure 2.4. Schematic diagram o f a neutron powder diffractometer operating at fixed  
scattering 2 6
The time-of-flight, thki, is related to the d-spacing through de Broglie’s relation, 
by substituting the wavelength (A-hkO from Bragg’s law:
Moderator
Pulsed White Beam
Target L
Proton
Beam
Detector
2m Lsm&,
-(2.10)
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Where mn is the neutron mass, h is Plancks constant, L=Li+L2 is the total flight path 
and 20o is the fixed scattering angle. The spectral distribution of the incident beam is 
modelled by measuring the isotropic scattering from a standard vanadium sample, 
which also accounts for corrections in the detector efficiency as a function of 
wavelength variation.2
High Resolution Powder Diffractometer (HRPD) at RAL, UK.
Neutron diffraction data for the many of the tunnel structures in this thesis were 
collected using HRPD. Operating on the time-of-flight principle, HRPD offers the 
advantage of variable incident wavelength with fixed detector, namely the 
backscattering detector and 90° detector geometry. A summary of both the detectors’ 
characteristics are given in table 2.2. The diffractometer is situated almost 100m from 
the target at the end of a neutron guide, which maintains a usable flux level and results 
in a resolution in the main backscattering detector bank of Ad/d ~ 4 x 10^, which is 
effectively constant over the J-spacing range.3
Table 2.2. Summary o f detectors used at HRPD
Detectors
Position Backscattering 90 degrees Low angle
Detector type ZnS scintillator ZnS scintillator 10 atm. 3He gas tube ('A")
20 range 160°-176° 80°-100° 28° - 32°
Q (ster) 0.41 ster 0.70 ster 0.01 ster
Resolution(Ad/d) ~ 4  * lO"4 ~ 2  x 10'3 ~ 2 x 10’2
Data were collected using HRPD at a range of temperatures for different 
materials depending on their magnetic properties at a current of approximately 200(xA.
2.2.3. The Rietveld Method.
The random orientation of crystallites in the beam results in the superposition of the 
crystallographic axes onto the same axis of the diffraction pattern, this results in similar 
distances between some Miller planes causing overlap o f the peaks preventing accurate 
measurement of the observed intensities and hence the structure. In 1969 Rietveld 
proposed a refinement method to overcome these problems based on linear least squares
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minimization of a function, Sy, composed of the observed and calculated intensities for 
each individual point, i, in the profile where;4
si y j  -(2 -n )
i
where yi is the observed intensity for the ith point and yCi is the calculated intensty at the 
ith point, Wj is the weighting of the observables and is defined by;
w, = —  -(2.12)
y,
Since observed intensity is not associated directly with a Bragg reflection, for an 
accurate profile to be achieved a reasonable starting model is required. The calculated
intensity is therefore dependent on the structure factor 1 ^ 1 2 values taken from the
model, which are calculated as follows.
y, = s 'Z mi*Lm\Ful\t A'G{Wl - W m )PulT + y ib -(2.13)
hkl
Where s is the scale factor, Lhki is the lorentz-polarisation factor for the reflection (hkl),
mhki is the multiplicity factor, Ai is the symmetry parameter, G(0) is the reflection
profile function, 20hki is the calculated position of the Bragg peak, corrected for the zero 
point shift, Phki is the preferred orientation function, T is the absorption correction and 
yib is the background intensity at the ith step.
The agreement between the observed and calculated structures is measured by 
the goodness of fit factors. The factors are defined as;
(a) ‘weighted profile’ -  Rwp
Rwp ~
Y i wi\yi~yc
-(2.14)
This compares how well the structural model under refinement, accounts for relatively 
small and large Bragg peaks across the diffraction profile. The weighting factor is given 
by Wi
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(b)’Profile R-factor’ - Rp
R i ______________ -(2.15)p
(d) ‘Expected’ -  ReXp
{n - p + c ) -(2.16)
Which accounts for the statistical quality of the data and the number of variables 
used in the refinements where N is the number of profile points, P is the number of 
refinable parameters, C is the number of constraints used.
During the course of a structural refinement, the goodness of fit factor, %2, can be 
used to compare the quality of the data.
When a very accurate fit to the observed profile is achieved, a value of %2 close 
to one is achieved.
2.3. Magnetism.
An important part of materials characterisation is the observed magnetic behaviour of a 
material with the application of a field. When a material is placed into a magnetic field, 
H, it induces a magnetic moment per unit volume as given by;
where % is the magnetic susceptibility and M is the magnetization of the material. The 
density of the lines of force or magnetic flux, B, in the sample can be defined by 
equation 2.19.
M  = z H -(2.18)
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B = H  + 4ttM  -(2.19)
2.3.1. Magnetism in Bulk Materials.
Lenz’s law states that the induced voltage is in a direction, which opposes the flux 
change producing it.5 In an applied field electrons produce a tiny magnetic field as they 
orbit atoms. This magnetic field obeys Lenz’s law in that this magnetic field opposes 
the applied field. This is known as diamagnetism and is observed in all materials with 
core electrons. Diamagnetism is normally the dominant observed property in materials 
that exhibit only electron pairs or closed shells. These materials characteristically show 
small negative values of magnetic susceptibility, %. (Figure 2.4a)
The presence of unpaired electrons in a material leads to paramgnetism, where 
both the electron spin and the orbital angular momentum contribute to the observed 
magnetisation leading to a positive magnetic susceptibility and a tendency of these 
materials to attract magnetic field. (Figure 2.5(b))
(b)
Figure 2.5. Schematic representation o f magnetic field  behaviour with a) Diamagnetic 
materials and b) Paramagnetic materials.
Magnetic susceptibility of an ideal paramagnet can be described by the Curie 
law, which is given by equation 2.20. Materials, which obey this law, yield a straight 
line for a plot of 1/% against temperature with an intercept of OK.
X  = j  -(2.20)
Where C is the Curie constant.
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However, Curie observed that some materials deviate from this law; this is due
to the magnetic interactions. In systems with strong magnetic interactions at some
critical temperature, the spins order in a long-range fashion. The types of magnetic
order are summarised below.
Ferrom agnetism.
Ferromagnetic ordering is observed in materials below the Curie temperature, 
Tc; the magnetic moments within domains are aligned in a parallel fashion giving rise to 
a net magnetic moment in that direction.
Antiferromagnetism.
Below the Neel temperature, Tn , the magnetic spins of neighbouring atoms 
order in an anti-parallel way.
Ferrimagnetism.
Ferrimagnetism usually occurs when two or more magnetic species are present 
in a lattice. The magnetic spins order in an antiferromagnetic way but since the 
magnitudes of the moments of the neighbouring atoms are different a resultant 
magnetisation is observed.
Materials which show order below a critical temperature have a temperature 
dependence of % in the paramagnetic region that is given by the Curie-Weiss law.
X  =  -^ —  -(2.21)
T + e
where 0 is the Weiss constant, and is the temperature at the intercept of the straight line 
plotted as 1/% against temperature. When the Weiss constant has a negative value it 
indicates antiferromagnetic interaction whereas a positive Weiss constant is indicative 
of ferromagnetic coupling. Susceptibility only fits the Curie-Weiss law in the 
paramagnetic region above the ordering temperature. Once a material becomes ordered 
the susceptibility behaves in a very complicated way and no longer has a unique value 
for a given field strength.5
The relationship between magnetic moment, jli, of a material and its magnetic 
susceptibility, %, is given by;
= NMb2M2
3kT
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where N is Avogadro’s number, |Ib is the Bohr magneton, defined by equation 2.23, and 
k is the Boltzmann constant.
1 B M = - ^ -  -(2.23)
4 mnc
where e is the electron charge, h is Planck’s constant, m is the electron mass and c is the 
velocity of light.
The magnetic properties of unpaired electrons are regarded as arising from two 
causes, electron spin and electron orbital motion. These can be related to the magnetic 
moment by equation 2.24.6 However, for first row transition metal ions, it is more 
common to calculate effective magnetic moments using the spin only formula (Equation 
2.25).
M s , l = ^ S { S  + \)+L{L + \) -(2.24)
where L is the orbital angular momentum quantum number for the ion and S is the sum 
of the spin quantum numbers of the individual unpaired electrons.
M,=g<Js{S + l) -(2.25)
where g is the gyromagnetic ratio and usually has a value of about 2.00.
2.3.2. Mechanisms for magnetic exchange.
Superexchange is the mechanism which describes the interaction of magnetic moments 
through a nonmagnetic intermediary ion, such as 0 2\  The simplest process by which 
coupling of spins occurs is illustrated in figure 2.6, where the localised electrons on two 
transition metal (TM) ions occupy orbitals which are directed at each other and are 
overlapping with the same p orbital of the intermediate ligand.7 Antiferromagnetic
coupling arises as a result of the electron occupying the d orbital on the TM pairs with
the electron occupying the overlapping p orbital of the oxygen, since the Pauli exclusion 
principle states that for two electrons to occupy one orbital their spins must be paired.6 
This is demonstrated in NiO where the Ni2+ ion has 8d electrons with two of these
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electrons singly occupying the d_2 and dx2 2 orbitals respectively. These orbitals are
orientated so as to be parallel to the axes of the unit cell and therefore point directly at 
adjacent oxide ions. The unpaired electrons in the eg orbitals of Ni2+ ions are able to 
couple magnetically with electrons in the p orbitals of the O ' ions. The p-orbitals of the 
O2" ion contain two electrons each, which are also coupled anti-parallel. This is known 
as 180° exchange.
; 2+ ;2+
d orbitalp orbital
Figure 2.6. Antiferromagnetic coupling o f spins o f d electrons on Ni2+ ions through p  
electrons o f oxide ions.
Ferromagnetic ordering comes about by a 90° exchange path as shown in figure 
2.7(a). As with the 180° exchange mechanism the transfer occurs between the d-orbitals 
of the transition metal and the p-orbitals of the oxygen resulting in the overlap of two 
different p-orbitals, px and py with the corresponding d-orbitals of the two TM sites. 
This results in two electrons or p-holes present on the oxygen in the excited 
intermediate state (figure 2.7(b)). Depending on the two TM ions, the remaining p- 
electrons will either have spins which are parallel or antiparallel since Hund’s rules 
suggest that the two electrons would have the lowest energy when they are parallel this 
means that the spins on the two TM ions must also be parallel and therefore 
ferromagnetic.
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(a)
Py
(b)
TM1-
3d
TM2
3d
\ l \ I /  t11r +, / / PyPx
Figure 2.8. Schematic representation of 90° exchange resulting in ferromagnetic 
ordering (a) showing orbital overlap (b) showing electron interaction.
Double exchange is a mechanism for spin coupling arising from electron 
delocalization. The term double exchange was originally introduced in 1951 by 
Clarence Zener to explain the magneto-conductive properties of mixed-valence solid, 
notably doped Mn Perovskites.8 Zener proposed a mechanism for translocation of an 
electron from one Mn to another through an intervening O2". As the oxygen p-orbitals 
are doubly occupied, the translocation had to proceed in two steps: the movement of an
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electron from oxygen to the ’’left" Mn followed by a transfer of a second electron from 
the "right" Mn into the (just) vacated oxygen orbital; hence the term double exchange. 
According to Hund’s rules the metallic conduction, via hopping of eg electrons, can only 
occur if the electrons of the t2g orbitals for both the Mn3+ and Mn4+ ions are 
ferromagnetically aligned.
2.3.3. Measurement of Magnetic Properties.
DC magnetic susceptibility measurements were collected using a quantum design 
MPMS-7 SQUID instrument. Measurements were made in zero field cooled (ZFC) and 
field cooled (FC) environment over a temperature range of 1.8 to 300K. Measurements 
were typically collected in applied magnetic fields of either 100 or 1000G.
2.3.4. SQUID Magnetometer
SQUID (Superconducting QUantum Interference Device) instruments are capable of 
sensitive magnetisation measurements including the study of single magnetic particles.9 
A SQUID consists of two superconductors separated by thin insulating layers to form 
two parallel Josephson Junctions. The current in the SQUID device oscillates with the 
changes in phase at the two junctions, which depends upon the change in the magnetic 
flux. Counting the oscillations allows you to evaluate the flux change, which has 
occurred. The two Josephson Junctions are superconductors separated by a thin 
insulating layer small enough to allow the tunneling of Cooper pairs of electrons 
through the junction. In a SQUID device the magnetic field produced by the sample is 
measured by means of a bridge circuit consisting of a primary coil and two secondary 
coils wound in opposition and connected in series. If the two secondary coils were 
perfectly balanced the induced voltage would exactly cancel out. Introducing a sample 
into one of the coils unbalances the bridge, and results in a net current. This current is 
used to induce a field across the SQUID, causing the critical current to fluctuate. A 
constant biasing current is being passed through the ring, so the voltage across the ring 
will fluctuate and this is the quantity which is measured, whilst moving the sample 
through the pickup coil. The field inducing the current in the pickup loop is proportional 
to the magnetic moment of the sample divided by the cube of the distance between the 
sample and the loop. The relationship of the voltage across the SQUID and this distance
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allows the calculation of the dipole moment of the sample and hence, the magnetization 
and susceptibility of the sample to be determined.
2.4. Conductivity Measurements.
Conductivity measurements were collected using the electronic properties probe on an 
Oxford Instruments MagLab2000 system. The standard four probe technique was 
employed. A constant current was passed across a sintered pellet of the sample, of 
approximate dimension 1cm x 0.5cm x 0.5cm, by means of copper wire attached to the 
pellet using gold paint. The potential difference was measured between the two inner 
wires and hence the measurement of the resistance of the sample thus allowing the 
calculation of resistivity and conductivity from equations 2.26 and 2.27
where p is the resistivity, R is the resistance, A is the area of the pellet and 1 is the 
length.
where conductivity is given by a.
Since the materials in this thesis are semiconducting the band gap can be 
calculated from the Arrhenius relationship give by;
J_
P
-(2.27)
-(2.28)
Where E is the activation energy, R is the gas constant and T is the absolute 
temperature.
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2.5. Thermal Analysis.
Compositional information was collected for the materials reported here using the 
Shimadzu TGA 50 analyser over a temperature range of room temperature to 950°C at a 
heating rate of 10°C per minute in an inert atmosphere of N2 . DSC data were also 
collected from room temperature to a maximum temperature of 600°C.
Thermal analysis may be defined as the measurement of changes in the physical 
and chemical properties of a substance as a function of either temperature or time, 
whilst the substance is subjected to a controlled temperature regime.10 However, in 
reality the term ‘Thermal Analysis’ is used to describe changes in enthalpy (DSC), heat 
capacity (DTA), mass (TG) and coefficient of thermal expansion as a function of 
temperature. All these techniques may be used separately or combined using a 
simultaneous thermal analysis instrument. A generalized thermal analysis instrument is 
shown in figure 2.9.
The two most widely recognized techniques are Thermogravimetry (TG) and 
Differential Thermal Analysis (DTA). All experiments can be undertaken in various 
atmospheres such as a reducing atmosphere of N2,
Thermogravimetry (TG) measures the change in sample weight as a function of 
either temperature or time. The simplest example is that of a single stage decomposition 
route as illustrated in figure 2.8. The sample is heated at a pre-selected constant rate. 
Prior to the onset of decomposition the weight of the sample is constant and can be 
denoted as Wj. As the temperature begins to increase the sample begins to decompose 
between T, and Tf. Above Tf the sample returns to a constant weight, Wf. The total 
weight loss, Aw is equivalent to the difference between Wj and Wf, The weights Wj, Wf 
and AW can be used to derive quantitative information on the compositional changes 
during the experiments.6 It is worth noting that both temperatures Ti and Tf are 
dependent on variables such as heating rate, particle size and the atmosphere of the 
sample chamber. Changes in these variables can have a dramatic effect often shifting 
the decomposition temperatures by hundreds of degrees.
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Figure 2.8. Generalized Thermal Analysis Instrument.10
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Figure 2.9. Schematic Representation o f a Typical Single Step Decomposition 
Reaction.6
Differential Thermal Analysis (DTA) records the difference in temperature 
between an inert reference material and the sample as a function of temperature. The 
temperature of both the reference and the sample are the same until a thermal event such 
as melting occurs, in which case the temperature of the sample will either lag that of the 
reference in endothermic reactions or lead it, as is the case for exothermic events. In a 
DTA experiment the sample and the reference are placed side by side in a heating block. 
Identical thermocouples are attached to the sample and the reference and connected 
back to back. When the sample and the reference are at the same temperature the net 
output from the pair of thermo couples is zero. When the sample undergoes a thermal 
event a temperature difference, AT, exists between the sample and the reference, which
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is detected by a net voltage across the thermocouples. A third thermocouple is used to 
monitor the temperature of the heating block and the results are presented as a plot of 
AT vs T. The temperature of the peak is taken at either the point at which deviation from 
the baseline begins, Ti, or as the temperature at the tip of the peak, T2 .
2.6. EDX.
Additional compositional information was collected using the JEOL CF35 Scanning 
Electron Microscope fitted with a 120KV EDX detector. Whilst oxygen content could 
not be accurately determined by EDX, a Mn:Cation ratio could be determined and hence 
the composition.
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3.1. Introduction.
Hollandite in particular has received extensive attention due its possible applications in, 
for example, molecular sieves, catalytic activity and as a cathode active material.1 
Hollandite was first described by Fermor in 1909 and early studies concentrated on the 
naturally occurring forms of the mineral, BaxMngOi6. These are found as needle-like 
crystals in deep-sea nodules and in the soil o f certain regions.2'5 A comprehensive 
structural study of the naturally occurring hollandite, corondite, cryptomelane and 
related systems was conducted by Bystrom and Bystrom in 1950 and continued by 
Mukheijee in I960.3’4 Nistor et al investigated defects within these natural materials 
using electron diffraction and high resolution electron microscopy.5 The main defects 
observed were uniformly arranged crystallographic shear planes, often leading to 
incommensurate diffraction patterns. They also observed a phase change in hollandite 
materials at 330°C, contrary to other work, which claimed that these materials are 
relatively insensitive to heat up to 400°C, before further heating causes a reduction of 
Mn4+ with loss of oxygen.2
Hollandite or cryptomelane-type manganese oxides have a one-dimensional 
structure consisting of 4.6A x 4.6A tunnels as a result of (2 x 2) MnC>6 edge shared 
octahedral arrangement (§1). Synthesis is enabled by using large metal cations such as 
K +, Rb2+, Cs+ and Ba2+ as a template, which reside in the tunnel along with small 
amounts of water to stabilise the structure,6,7 see figure 3.1. In a typical hollandite 
structure, such as that of potassium, the A cation is surrounded by eight oxygen ions at a 
distance of 2.74A, forming a cube and at a greater distance (3.31 A) by four oxygen ions 
forming a square at the same z level as the A ion. The B ion is surrounded by six 
oxygen ions forming an octahedron, and with a mean oxygen distance of 1.98A.3 
Traditionally, the names of hollandite-type materials refers to the cation present in the 
tunnel sites, therefore hollandite contains Ba2+ cations, cryptomelane is K+, corondite is 
Pb2+ and marjorite is Na+. Whilst some authors still refer to the original nomenclature 
most just use the mineral name hollandite to refer to any compounds with the (2 x 2) 
transition metal oxide structural motif, irrespective of the tunnel/template cation.
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Figure 3.1. Schematic representation o f the (2 x  2) hollandite structure, where pink 
squares represent the MnC>6 octahedron, yellow spheres are the potassium cation and red 
spheres are the oxygen atoms.
Potassium hollandite (cryptomelane) is most readily synthesised reflecting the
effectiveness of the K+ ion in stabilising the structure. It is prepared by sol-gel methods
and has the approximate stoichiometry of Ko.i25Mn02 (KMnsO^). The average
manganese oxidation state of 3.88 reflects mixed valency of Mn (IV) with minor
amounts of Mn(III).7 Duan et al prepared octahedral molecular sieve materials (OMS-
2), whereby the 2 denote hollandite and OMS-1 is todorokite, of composition KMn80i6
by sol-gel methods. These materials are highly crystalline with pronounced thermal
stability in relation to materials produced by reflux or hydrothermal alleration methods.
The possibility of using these materials as cathodes in lithium battery technology has
led to many authors studying the electrolytic cyclability of lithium intercalation and
deintercalation.1,6 9' 12 Since it has been suggested that the presence of a large counter ion
limits these applications, research into the possibility of synthesising this material
without the need of large template ions or with subsequent removal of the tunnel ion is
therefore important. Bach et al and other authors have looked at Li cyclability on a
potassium deficient form of hollandite, with a formula of Ko.o62MnC>2 after acid leaching
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but complete removal does not seem to be favourable.9,10 Li ion insertion occurs in one 
electrochemical step and has a specific capacity 280 AhKg_1over a charge range of 4.1- 
2.3V. Preparation of H+ hollandite was achieved by H2SO4 treatment of Li2MnC>3 at 
90°C and shows good electrochemical cycling properties.6 The hollandite structure has 
also been obtained by reacting LiMnC>4 with Mn(NC>3)2 solution, which contains only a 
small amount of foreign cations (Li-1) . 9 Electrochemical studies showed this material to 
have a reversible discharge capacity of 230mAh/g from 3.8 to 2.0V. This capacity 
initially drops slightly upon cycling then stabilizes, with no damage to the structural 
integrity of the material. It has been suggested that not only does the lithium insert into 
the larger ( 2  x 2 ) tunnels but also into the smaller ( l x l )  pyrolusite channels. 13 
Hollandite with hydronium as the tunnel counter ion has also been synthesised by 
oxidation of MnSC>4 with ozone in a concentrated sulphuric acid solution. 1 The 
hydronium ion can be replaced with hydrated lithium and then dehydrated at 300°C.
Small organic ions such as (NH4)+ can also act as the template cation. Feng et al 
prepared NH4 hollandite by first preparing NH4 bimessite by the ion exchange reaction 
of sodium bimessite with 1M NH4CI. The resulting layered material was then 
hydrothermally treated with (NH4)2S0 4 -H2S0 4  solution under autogenous pressure to 
transform the layered material to the NH4 hollandite form. The (NH4 )+ ions can be 
easily removed from the tunnel site and Li+ ion insertion is achieved by heating with 
LiOH.6 Ohzuku et al also reported a synthetic NH4+ Hollandite with the formulae of 
(NHOo.nMnC^, (NH4)i.4 iMn80 ]6 .14 Discharge curves in the voltage range 2-3.4V were 
investigated giving discharge capacities of 170-220mAh/g.
Magnetic and electronic studies of hollandite and the related todorokite material 
(3 x 3) have been conducted. Suib et al measured AC + DC magnetic susceptibilities of 
octahedral molecular sieves with a mixed manganese oxidation state, namely for 
todorokite (OMS-1), prepared from bimessite (OL-1) and for potassium hollandite 
(OMS-2) both materials contain manganese in a mixed 3+/ 4+-enviroment. 15 
Comparison of field cooled (FC) and zero field cooled (ZFC) data collected showed 
diverging data below the transition temperature of 35K indicating a clear irreversibility 
in magnetic character. Data collected over a range of frequencies showed a decrease 
with increasing frequency of the real or in-phase component of the magnetic 
susceptibility (%’) suggesting spin glass behaviour. Four probe DC resistivity 
measurements performed by De Guzman et al showed hollandite to follow conventional
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Arrhenius behaviour in contrast to both bimessite and todorokite materials which show 
deviations from this at low temperature.16
It has been reported that hollandite (without a tunnel ion) is a good microwave 
absorber due to its effective coupling with the MnC>2 . Microwave induced oxygen 
evolution is fast and uniform and leads to oxygen deficient products. This is reversible 
and the material shows a strong tendency to recombine with oxygen and water.17,18 
However, this product forms M^Cb above 425°C compared to 600°C with conventional 
heating. Duan et al suggested that the insertion of 2+ ions into the Hollandite structure 
is not possible due to relative thermal stabilities,8 however, the possibility of 
intercalating Cu2+ with relative concentrations of 0.0171%, 0.0245% and 0.0334% was 
achieved by adding Q 1SO4 5 H2O or Cu(NCb)2  to one of the initial solutions prior to sol- 
gel synthesis.19 It was reported that resistivity increases as the concentration of Cu with 
a commensurate decrease in the thermal stability. In the synthesis of Cu-OMS-2, the sol 
-gel method was not advantageous compared to the reflux method in incorporating Cu2+ 
ions. Paramelaconite, a copper oxide, is readily formed in the sol-gel process based on 
XRD analysis of the product. Bax(M3+Ti4+)gOi6, also known as SYNROC, was 
evaluated for the immobilisation of radioactive waste.20,21 Powder neutron diffraction 
established how various trivalent ions such as Fe, Al and Ga alter the crystal structure 
and predispose it to radwaste substitution. Some other materials of interest with the 
hollandite structure are ICjQ^FeyVvC^, KNio.5Fe3.5V3.5Oi6 , KCoo.5Fe3.5V3.5O16 and 
Ko.54Mgo.77Ti7.2gO i6, some with ferromagnetic ordering above room temperature.22'24
The work in this chapter reports the synthesis of potassium hollandite by two 
different methods resulting in slight difference in composition and observed properties. 
The removal of the K+ counter ion has been achieved by acid leaching and an 
intercalation study has been carried out. The effects of intercalation on the structural, 
magnetic and electronic properties are discussed.
3.2. Synthesis.
Two preparations of Potassium hollandite, with an intended composition of Ko.i25MnC>2 
were prepared by two different methods described by Ching et al (Kl) and Duan et al 
(K2):7,8
Preparation of Kl: Approximately 6.7mmol of solid Fumaric acid was added to a
stirring solution containing 20mmol of KMnCb. The reaction proceeded with mild
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effervescence followed by the appearance of a brown sol within a few minutes. After 30 
minutes the sol evolved into a floculant brown gel. The gel was allowed to settle and 
after 1 hour was isolated by filtration and washed 4 times with 1 OOmL of water. A black 
xerogel was formed after drying overnight at 110°C. Calcinations of the xerogel at 
450°C for 2 hours yields potassium hollandite as a hard black solid.
Preparation of K2: 0.38g of Maleic acid was added to a lOmmol KMnC>4 solution and 
the mixture stirred for 30 minutes at room temperature. As with the Kl preparation a 
dark brown sol is formed which starts to gel after approximately 5 minutes. The water 
was decanted off and the resultant gel was washed with 4 alliquots of distilled/deionised 
water and then left to filter under vacuum for 20 minutes before being heated for 10 
hours at 100°C and subsequently calcined at 450°C for 4 hours.
Products were characterised by x-ray diffraction using the Siemens D500 x-ray 
diffractometer. The potassium was removed from within the tunnel by stirring the 
prepared hollandite (sample Kl) with a 1 molar solution of H NO 3 overnight at room 
temperature.9 In the insertion study the treated hollandite was reacted with Lil, NH 4I, 
Csl and G 1I2 based on the equation given in 3.1. All reactions were done with an excess 
of metal iodide and iodine was liberated instantaneously in the reaction.
xLil + Ko. i25-yMn02 -> V2 xl2 + LixKo. i25-yMn02 -(3.1)
3.3. Results and Discussion.
3.3.1. Elemental Analysis/EDX.
Elemental Analysis and EDX results for these samples are given in table 3.1. Complete 
removal of the potassium involves the complete oxidation of all the Mn3+ to Mn4+. It is 
clear from these results that this does not occur and only small amounts of K are 
deintercalated from the framework, which reflects the strong K-framework interactions 
and the poor mobility of the K ions.9,14 Intercalation is consistent with reported data that 
the levels of alkali metal insertion is inversely related to increasing radii as proposed by 
Ching et al?
This gives the following selectivity’s order with increasing radii as shown in 
figures 3.2 (a) and (b).
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Lio.18 >  Cuo .08 >  Ko.125-NH4> Cso.04
Increasing ionic radii —>
Table 3.1. Results obtained by EDX and Elemental Analysis for the composition of K
containing hollandite structures.
S am ple E le m en ta l A nalysis E D  A X  A nalysis K
W t%
K o.i25M n02 ( K l ) - Ko. 120(1 )M n 0 2 5.0
(K 2 ) - lCo.o8oo(i)Mn02 3.4
K 0.l25-yMnO2 - Ko.o9oo(i)Mn02 3.8
L ixKo.i25-yMn02 Lio.i80(2)Ko.o7Mn02 LixKo.o8oo( 1 >M n 0 2 4.0
(NH4)xKo.l25-yMn02 - ( N H4)xKo.o7oo( 1 )M n 0 2 2.9
C u xK 0.i25-yMnO2 - Cuo.o80o( i)Ko.o9oo(i)Mn02 3.5
C sxKo. 125-yMn02 - Csq.0400( 1 )Ko. ioo( 1 )M n 0 2 3.9
* Li and N H 4 content could not be analysed using the EDX method. TGA data suggests 
a N H 4 content of approximately 0.07 and is consistent with previous data reported for 
N H 4+ hollandite.12
(a) (b)
0.3 3.9
•K
Acid treated*•L i
0.25 C s*
• C u
-5 0.2
% 3.8•C u
,£0.15
Cs«
K*
3.75
0.1 •  Li
•  Add treated
0.05 3.7
0.4 0.6 0.8 1 1.2 1.6 1.81.4 0.6 0.8 1 1.2 1.6 .80.4 1.4 1
Ionic RadSn (A) |onjc Radii (A)
Figure 3.2. Plots showing (a) decreasing total amount intercalated and (b) increasing 
average manganese oxidation state as a function of ionic radii.
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3.3.2. Thermal Analysis.
All calculations of the TGA data were based on the compositions determined from EDX 
analysis. Table 3.2 summarises the decomposition routes for potassium hollandite and 
its treated analogues. Samples Kl and K2 undergo a three-step decomposition route as 
illustrated by equations 3.2 to 3.4 (Figures 3.3-3.4). The onset and endset temperatures 
for both are similar, though the potassium deficient sample, K2, shows additional water 
content, as shown by the larger weight loss of 3.301% in the first step compared to that 
of the Ko.i2Mn02, Kl sample, of 1.409%. DSC data collected shows that a broad 
endothermic trough followed by a slight exothermic hump accompanies this loss of 
water.
X-ray analysis of the material obtained after the second step can be identified as 
hollandite. However a weight loss of approximately 3% is observed, has been suggested 
that this is equivalent of loss of oxygen, as some of the Mn4+ are reduced to Mn3+ to 
give an average manganese oxidation state of approximately 3.5.7 This loss is marked in 
all 3 samples with a sharp endothermic peak. Step 3 occurs above 700°C and is due to
loss of oxygen as the potassium Hollandite decomposes to form the more stable
K2Mn40 8 phase and Mn2C>3 . These results demonstrate an extremely high thermal 
stability of >700°C.
Ko.i2Mn02*xH20  —> Ko.i2Mn02 + xH20  -(3-2)
Ko.i2M n02 -> Kci l2M n02.x + 7 20 2T -(3.3)
Ko.,2M n02.x -> 0.06K2Mn4O8 + 0.38Mn2O3 + 0.10802T -(3.4)
(Veighl Loss 41.112 mg
-1.409 % W ei^t Loss -0.297 mg
 1 *3.737 %
Weight Loss -0.243 mg 
-3.058 %
000 200 0 0 ' 40000 600 00 600 00
Temp [Cl
Figure 3.3. TGA/DSC Trace showing the three step decomposition route and 
percentage weight losses for Koj2Mn02 (Kl) in an inert atmosphere o f nitrogen.
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Table 3.2. Decomposition routes and percentage weight losses for Ko.i2sMn02 and
intercalated species in an inert atmosphere o f nitrogen.
Sample Kl K2 Acid
Treated
Onset (°C) 53.91 43.90 43.47
O h
<D Endset (°C) 186.34 193.10 192.22
OO
% Wt loss 1.41 3.30 3.52
Onset (°C) 369.82
O h 
CD -h—> Endset (°C) 432.56
C/3
"Oa
<N % Wt loss 0.84
Onset (°C) 500.22 460.04 456.34
O h
CD Endset (°C) 596.26 562.55 567.15
00
"B
CO % Wt loss 3.74 3.31 4.32
Onset (°C) 703.42 692.97 717.42
a ,
CD Endset (°C) 772.16 799.04 777.12
00
■3 % Wt loss 3.06 3.39 3.03
Li NHU Cu Cs
Onset (°C) 42.23 49.02 44.34 43.36
O h
CD Endset (°C) 202.61 151.99 199.53 165.21
00
% Wt loss 4.44 1.68 4.16 2.45
Onset (°C) 335.80
O h
CD
■ H - »in Endset (°C)
409.93
•accs % Wt loss 1.25
Onset (°C) 371.84 421.81 464.92 491.67
O h
(D Endset (°C) 567.15 582.09 581.69 617.08
00
■E
CO % Wt loss 5.72 7.07 4.20 2.99
Onset (°C) 673.62 693.16 685.82 697.29
O h
CD Endset (°C) 779.69 645.91 750.02 790.71
00
% Wt loss 2.10 2.14 2.08 3.40
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Veight Loss -0.401 mg 
-3.301 %
Weight Loss -0.402 mg 
-3.309 %
Weight Loss -0.489 mg 
-4.025%
  TGA
Temp [CJ
Figure 3.4. TGA/DSC Trace showing the three step decomposition route and 
percentage weight losses for Ko,osMn02 (K2) in an inert atmosphere o f nitrogen.
The acid treated sample, Ko.o9Mn02, decomposes in a similar way to the parent 
sample. However, an additional decomposition begins at 369°C this is assigned to the 
breakdown of H3 0 +, ion exchanged into the sample during the acid leaching procedure. 
A weight loss of 0.839% is observed consistent with the deintercalation of 0.04 K+ ions 
and the intercalation of 0.04 H3 0 + ions. Decomposition then proceeds as observed for 
the Ko.i2MnC>2 sample.
DSC TGA
Weight Loss -0.229mg
Weight Loss -0.206mg 
-3.033%
200.00 800.00
Temp [C]
Figure 3.5. TGA/DSC Trace showing the three step decomposition route and 
percentage weight losses for the acid leached sample, Ko.ogMn0 2 , in an inert 
atmosphere o f nitrogen.
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Lio.i8Ko.o8MnC>2 shows a three-step decomposition route as exhibited by
Ko.nMnCh. Step 1 is marked by a broad endothermic peak and is due to loss of water 
from within the tunnel sites (figure 3.6). Step 2 is marked by a sharp exothermic peak 
followed by a large endothermic trough in the DSC with a percentage weight loss of 
5.721% this may be due to loss of a small amount of H3 0 + from the tunnel sites and loss 
of oxygen due to the reduction of Mn4+ to Mn3+ and the breakdown of the hollandite to 
Li2MnC>3, K2M114O8 and Mn2 0 3 . Decomposition of Lio.isKo.osMnC  ^ occurs at a lower 
temperature and is hence less stable than the potassium hollandite due to the presence of 
the intercalated Li, which results in more than one cation site in the tunnel.
DSC
mW
TGA
4 (X
Weight Loss -0 209mg 
-1.751%
100.00
Weight Loss -0.318mg 
-2.665%
Weight Loss -0.175mg 
-1.467%
90.00ooc
-2.<X
).00
0.00 800.00 1000 00200.00 400.00 600.00
Temp [Cl
Figure 3.6. TGA/DSC Trace showing the three step decomposition route and 
percentage weight losses for Lio.i&Ko.osMnOzin an inert atmosphere o f nitrogen.
The characteristic three-step decomposition is again observed for 
(NH4)xKo.o7Mn02, shown in figure 3.7, which is again attributable to loss of water from 
the tunnels, followed by loss of the NH4 and O2 and finally loss of O2 as the hollandite 
breaks down to form K^Mr^Os. This is shown by equations 3.5-3.7. The presence of 
nitrogen was confirmed by elemental analysis, however a quantitative amount could not 
be determined. The value of 0.078 is consistent with what you would expect to 
intercalate based on the ionic radii of NH 4  and is similar to that reported by Feng et alJ 
The observed thermal stability of this material fits the observed pattern shown in figure 
3.10.
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(NH4)o.o78Ko.o7Mn02*0.087H20  -> (N H 4)o.o78Ko.o7M n 0 2 + 0.087H2()T -(3.5)
(NH4)o.o78K0.o7Mn02 -> K0.07MnO2 + 0.078NH4T + 0 .157502T -(3.6)
Ko.o7M n 0 2 0.035K2Mn408 + 0.43Mn2O3 + 0.057502T -(3.7)
DSC
mW
10.0 0 -
TGA
Veight Loss -0.103 mg 
-1.682 %
100.00
Weight Loss -0.433 me
_  -7.072 %
90.00-0.131 mg 
-2.139 %
sight Loss
).00
0.00 200.00 400.00 600.00 800.00 1000.00
Temp [C]
Figure 3.7. TGA/DSC Trace showing the three step decomposition route and 
percentage weight losses fo r (NH^owsKo.ojMnO 2 in an inert atmosphere o f nitrogen.
This three step decomposition profile is repeated for Cuo.o8Ko.o9Mn02 (figure 
3.8) with the Final decomposition products being K^MruOs, Mn20 3 and Cu20 . The 
presence of Cu20  and the average manganese oxidation state after decomposition in 
step 2 suggests that copper is in the +1 oxidation state. This is consistent with the data 
reported by Duan et al which suggested that the insertion of 2+ ions into sol-gel 
synthesised hollandite was not possible due to relative thermal stabilities.9 It is likely 
that the reported19 successful intercalation of Cu2+ into the tunnel structure may actual 
be facilitated by initial reduction of Cu2+ to Cu+.
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Weight Loss -0.136mg
Weight Loss -0.068mg
Temp [ q
Figure 3.8. TGA/DSC Trace showing the three step decomposition route and 
percentage weight losses for Cuo.osKo.o9Mn0 2  in an inert atmosphere o f nitrogen.
As with the acid treated sample, the decomposition route for Cso.o4Ko.iMn02 
proceeds in four steps (figure 3.9). The second step is attributable to the loss of H3 0 +, 
which suggests that the intercalation of Cs is negligible. This would be expected since 
the ionic radii of Cs is just slightly too large to fit comfortably into the tunnel site. The 
relatively small amount observed by EDX suggests that some Cs ions are bound to the 
surfaces.
Complete formulae for all samples including waters of crystallization are given 
in table 3.3. A plot of thermal stability against total cation content is plotted in figure 
3.10 and quite clearly shows a decrease in thermal stability with increasing amount of 
intercalated cation and hence with decreasing ionic radii of the intercalated species.
800.00
Temp |C!
Figure 3.9. TGA/DSC Trace showing the three step decomposition route and 
percentage weight losses for Cs0.04F0.1MnO 2 in an inert atmosphere o f nitrogen.
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Table 3.3. Complete formula and corresponding molecular weights fo r all samples.
Sample Formulae Molecular Weight
K0.i2MnO2 (Kl) K0.i2MnO2*0.0725H2O 92.936
Ko.o9MnC>2 (K2) Ko.o8Mn02*0.171H20 93.146
Ko.o8Mn0 2 Ko.o9(H3 0 )o.o4Mn0 2 *0 .2 2 1H2O 94.514
(acid leached)
Lio.igKo.ogMnCh Lio. 1 sKo.osC^O .3 8  8 H2O 98.345
(NH4)o.o78Ko.o7Mn02 (NH4)o.o78Ko.o7Mn02*0.087H20 94.273
Cuo.o8Ko.o9Mn02 Cuo.o8Ko.o9Mn02*0.231H2O 99.702
Cso.o4Ko.ioMn02 Cso.o4Ko.ioMn02#0.205H20 99.857
720
T reated
710
Cs
690
•  Cu
680
670
0.08 0.12 0.16 0.2 0.24
Total Intercalated
Figure 3.10. Increasing thermal stability as a function o f the total amount intercalated. 
3.3.3. Diffraction.
3.3.1. Neutron diffraction.
Neutron data were collected using HRPD for Ko.i2Mn02 (K l) at temperatures of 4K and 
80K, which were chosen as they are above and below the magnetic transition and the 
difference could show the magnetic scattering. However, no perceivable differences can 
be observed between the data collected from the 90° detector bank at these two
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temperatures, suggesting a spin glass state and no long range order consistent with 
measurements on other systems. The GSAS refined structure at 80K and 4K are given 
in figure 3.11 and 3.12 respectively. The refined lattice parameters, goodness of fit 
factors and atom positions are given in table 3.4 and 3.5 respectively for both 
refinements. The observed potassium fractional occupancies of 0.49 giving the formula 
as Ko.i25(2)Mn0 2  suggests that it should be possible to further intercalate the tunnels with 
K, a fractional occupancy of 1 would result in a formula of fGMnxO^ or KiusMnCh. 
However whilst an average manganese oxidation state of +3.75 is realistic this would 
result in two potassium ions per formula unit cell. This would produce very large 
coloumbic repulsion between the K+ ions, and is not energetically favourable (figure 
3.13).
Observed
Calculated
Difference
10
5 -
0 -
■ ■ m i i  ■ ■  m i i i  i i i i i i  i ■  a m  i a n  i i i i m i
4 1 04 5 1 04 6 1 04 7 1 04 8 1 04 9 1 04 1 105 1.1 105
TOF (ms)
Figure 3.11. Observed, calculated and difference for the Rietveld refinement o f neutron 
diffraction measurements for Ko.n5Mn02 (Kl) at a temperature o f 80K in the I  2/m 
space group.
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Table 3.4. Final lattice parameters derived from the Rietveld profile refinements of 
Ko.i25^4n04 at temperatures of 4K and 80K (space group 12/m)
Temperature (K)
4K 80K
a (A) 9.8262(5) 9.8270(5)
b (A) 2.85041(7) 2.85099(7)
c(A ) 9.7840(5) 9.7837(5)
P 90.205(3) 90.212(3)
Cell Volume (A3) 274.03(2) 274.11(2)
x2 2.276 2.152
wRp (%) 3.53 3.46
Rp (%) 3.18 3.08
20
Observed
Calculated
Difference
1 5 -
c
Z 1 0 -L-
<
I 5 ~
m u i i ■■ hi i i i Him i ■ ii an m mi i
4 104 5 1 04 6 1 04 7 1 04 8 1 04 9 1 04 1 10s 1.1 10s
TOF (ms)
Figure 3.12. Observed, calculated and difference for the Rietveld refinement of neutron 
diffraction measurements for Ko.i2sMn02 (Kl) at a temperature o f 4K in the 12/m space 
group.
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Table 3.5. Final atom positions from the Rietveld profile refinements o f neutron 
diffraction data ofKo.i2sMn0 4  (Kl) at 4K and 80K. (space group 12/m)
Temperature
4K 80K 4K 80K
K (0,0.5,0) 02  (x,0,z)
F 0.49(7) 0.49(8) X 0.1572(8) 0.1571(8)
Mnl (x,0,y) z 0.7972(8) 0.7979(9)
X 0.1593(11) 0.1588(10) Un(xlOO) 1.71(4) 1.59(34)
z 0.3433(9) 0.3436(9) U22(xl00) 0.10(4) 0.4(4)
Uiso (xlOO) 0.52(20) 0.42(18) U33(xlOO) 2.18(47) 2.93(52)
Mn2 (x,0,y) Ui3(xl00) 0.71(25) 0.65(38)
X 0.3546(9) 0.3542(9) 03 (x,0,z)
z 0.8307(10) 0.8312(11) X 0.1653(8) 0.1656(8)
(xlOO) -0.56(16) 0.00 z 0.5404(7) 0.5403(7)
Ol (x,0,z) Un(xlOO) 0.86(4) 1.04(41)
X 0.2067(9) 0.2063(9) U22(xl00) -0.16(4) 0.2(4)
z 0.1548(10) 0.1541(10) U33(xl00) 0.44(34) 0.67(35)
Un(xlOO) 4.08(5) 3.61(46) Un(xlOO) -1.54(25) -1.33(26)
U22(xl00) -0.22(5) -0.3(4) 04  (x,0,z)
U33(xl00) 2.42(44) 2.85(45) X 0.5413(8) 0.5412(8)
Ui3(xl00) 1.75(43) 2.07(42) z 0.8339(8) 0.8350(8)
Un(xlOO) 1.88(4) 1.89(37)
U22(xl00) -1.46(4) -1.4(4)
U33(xlOO) 0.11(33) 0.63(36)
Ui3(xlOO) 0.41(32) 1.12(32)
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Figure 3.13. Schematic representation illustrating oxygen.cation arrangement for the 
refined neutron data for Ko.j2Mn02 at 80K. Where yellow is the potassium ion, blue is 
the manganese on site 1, pink is the manganese on site 2 and red is oxygen.
The eight fold coordinate potassium site, see figure 3.13, gives mean K-0 
distances of 2.889(7) and 3.311(8). The average Mn-O bond length observed for both 
manganese sites is approximately 1.90A in a relatively isotropic environment expected 
for a Mn4+ system with little influence of the Mn3+ Jahn-Teller distortion. Both 
manganese sites exhibit similar environments in their 3 + 2 + 1  Mn-0 bond 
environments. A summary of the bond angles and lengths is given in table 3.6. As 
expected the results show minimal differences between the data collected at 4K and that 
at 80K. The validity of all bond lengths and individual valences obtained from Rietveld 
refinement have been calculated using the bond valence sum program.25 The program 
works based on Pauling’s principle of electrostatic bond strength (EBS), where, the 
cation charge is divided by the coordination number. These EBS ideas have been 
developed in a more general way to study the factors that control bond lengths in solids. 
In modem usage the electrostatic bond strength is replaced by the bond valence given 
by equation 3.8. 26'27
s = exp[(r -  r0)/ B] -(3.8)
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or as
s = (r/r0Y N -(3.9)
Table 3.6. Final bond lengths derived from the Rietveld refinement o f neutron 
diffractometer data for Ko.]2sMn0 4  (Kl) at 4K and 80K (space group 12/m).
4K 80K
Length Valence Length Valence
M l-Ol (A) 1.90358(9) 0.661 1.914(11) 0.642
M l-Ol (A) 1.94022(5) 0.599 1.946(10) 0.589
Ml-Ol (A) 1.94022(5) 0.599 1.946(10) 0.589
M l-03 (A) 1.92940(9) 0.616 1.925(11) 0.624
M l-04 (A) 1.83910(4) 0.787 1.837(8) 0.791
M l-04 (A) 1.83910(4) 0.787 1.837(8) 0.791
Total 4.049 4.026
M2-02(A) 1.9918(9) 0.558 1.963(12) 0.563
M2-02 (A) 1.89997(5) 0.667 1.908(9) 0.653
M2-02 (A) 1.89997(5) 0.667 1.908(9) 0.653
M2-03 (A) 1.91367(5) 0.643 1.911(9) 0.648
M2-03 (A) 1.91367(5) 0.643 1.911(9) 0.648
M2-04 (A) 1.83479(9) 0.796 1.838(13) 0.789
Total 3.974 3.954
These results confirm the isotropic nature of the Mn-O bond environment and 
dominance of the Mn4+ in the crystal chemistry. Many of these porous manganese 
oxides show distinct charge ordering where Mn3+ and Mn4+ sites are unique. However, 
there is no evidence in the measurements of any ordering of the Mn3+/Mn4+ between the 
two sites. This is a possible consequence of the high Mn oxidation state and may well 
be more visible in systems with an average manganese oxidation state nearer to +3.5.
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3.3.3.2. X-ray diffraction.
X-ray data have been collected using the Siemens D500 X-ray diffractometer. Figure 
3.12 gives the powder XRD patterns arranged in order of increasing oxidation state as a
result of intercalation, and show a systematic change in the unit cell parameters as a
28result of reductive intercalation.
The refinement was performed in the I 2/m space group based on the model 
proposed by Miura in 1986.25 The refined data for Ko.i25Mn02, treated Ko^MnCh and 
the intercalated species is given in tables 3.7, 3.8 and 3.9. The cell volume dependence 
on average manganese oxidation state increases. This is shown graphically in figure 
3.14. The observed cell volume for the copper intercalated species fits with the trend if 
we assume Cu+, this fits better with the observed data as shown in figure 3.15 compared 
to Cu2+ and confirms the observations made in the TGA analysis. All refinement plots 
are given in figures 3.16 through 3.22.
Cu
Acid Treated
----- Cs
----- NH
6000
o 4000
2000
0
20 40 60 80 100
2 theta (degrees)
Increaing average 
Mn oxidation state
Figure 3.14. X-Ray Diffraction patterns plotted as a function o f increasing average 
manganese oxidation state showing the effects o f intercalation on lattice parameters.
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Table 3 .7. Lattice parameters and goodness offit parameters derived from the Rietveld
profde refinements o f the room temperature x-ray data fo r Ko.nsMnO^ Ko.o?Mn0 2  and 
intercalated species.
Sample
Kl K2 NoK Li
a (A) 9.8323(6) 9.8030(7) 9.830(1) 9.871(2)
b (A) 2.8543(1) 2.8533(1) 2.8542(2) 2.8569(3)
c(A) 9.7926(6) 9.8166(8) 9.8075(8) 9.873(2)
P 90.163(7) 89.96(1) 89.94(1) 89.85(2)
CellVol (A3) 274.82(2) 274.58(3) 275.15(4) 278.45(6)
x 2 3.511 3.765 2.612 3.301
wRp (%) 10.50 11.21 9.17 10.11
Rp (%) 8.23 8.52 6.92 7.31
n h 4 Cu Cs
a (A) 9.8709(2) 9.851(4) 9.8503(9)
b (A) 2.8595(1) 2.8631(4) 2.8531(2)
c (A) 9.8615(2) 9.847(4) 9.874(2)
p 90.044(2) 90.126(35) 89.94(2)
CellVol (A3) 278.35(7) 277.72(17) 277.49(5)
x 2 4.310 1.448 2.954
wRp (%) 12.06 10.30 9.52
Rp (%) 8.89 7.82 7.35
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Figure 3.15. Decreasing cell volume with increasing average manganese oxidation
state showing that the Cu2+ position is inconsistent with emerging models.
84
CHAPTER 3: Hollandite ‘Kn .^MnCV System.
6000
Observed 
Calculated 
— Difference
5000^
£ 3 0 0 0 -
2000
0 — *^1
■ ia ■ mini ii ■ n in
20 40 60
2 Theta (degrees)
80 100
Figure 3.16. Observed, calculated and difference fo r  the Rietveld profile refinement o f  
the room temperature x-ray data fo r Ko.nMnOz. (space group 12/m)
5000
Observed
Calculated
Difference
4000-
I  3000
^  2000 -  
*2
O 1000- V
0 - iw
20 40 60 80 100
2 Theta (degrees)
Figure 3.17. Observed, calculated and difference fo r  the Rietveld profile refinement o f  
the room temperature x-ray data fo r Ko.osMnOz. (space group 12/m)
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Table 3.8. Final structural parameters derived from the Rietveld profile refinements o f  
the room temperature x-ray data for Ko.i25MnC>4 and Ko.o?Mn0 2 . (space group 12/m)
Kl K2 NoK
K (0,0.5,0)
F 0.48 0.32 0.36
AM(0,0.5,0) - - -
F - - -
Mnl(x,0,z)
X 0.1693(4) 0.1695(5) 0.1647(5)
Z 0.3492(4) 0.3545(6) 0.3422(5)
Mn2(x,0,z)
X 0.3505(4) 0.3452(6) 0.3567(4)
Z 0.8329(4) 0.8345(6) 0.8320(4)
01 (x,0,z)
X 0.189(2) 0.215(1) 0.190(2)
Z 0.156(2) 0.152(2) 0.153(1)
02  (x,0,z)
X 0.146(2) 0.145(2) 0.151(2)
Z 0.789(1) 0.831(2) 0.787(1)
03 (x,0,z)
X 0.171(2) 0.176(2) 0.165(2)
z 0.547(2) 0.538(2) 0.5571(9)
04  (x,0,z)
X 0.546(2) 0.548(2) 0.533(1)
Z 0.826(2) 0.827(2) 0.831(2)
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Figure 3.18. Observed, calculated and difference for the Rietveld profde refinement o f  
the room temperature x-ray data for K009MnO2. (space group 12/m)
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Figure 3.19. Observed, calculated and difference for the Rietveld profile refinement o f  
the room temperature x-ray data for Lio.isKowMnO^ (space group 12/m)
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Table 3.9. Final structural parameters derived from the Rietveld profde refinements o f
the room temperature x-ray data for Li, NH4 and Cs intercalated species, (space group 
12/m)
Li n h 4 Cs
K (0,0.5,0)
F 0.36 0.28 0.40
AM(0,0.5,0)
F 0.72 0.31 0.16
Mnl(x,0,z)
X 0.1562(5) 0.1523(6) 0.1684(5)
Z 0.3427(6) 0.3463(7) 0.3530(5)
Mn2(x,0,z)
X 0.3283(5) 0.3517(6) 0.3450(5)
z 0.8536(5) 0.8302(5) 0.8359(8)
Ol (x,0 ,z)
X 0.231(1) 0.1892(17) 0.214482
z 0.177(2) 0.1342(15) 0.141519
0 2  (x,0 ,z)
X 0 .1 2 2 ( 1 ) 0.1584(18) 0.1676(14)
Z 0.849(2) 0.7935(19) 0.8263(15)
03 (x,0,z)
X 0.178(2) 0.1420(24) 0.1484(14)
Z 0.534(2) 0.5454(17) 0.5433(15)
04 (x,0,z)
X 0.540(1) 0.5536(18) 0.5614(13)
z 0.851(1) 0.8472(24) 0.8357(18)
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Figure 3.20. Observed, calculated and difference for Rietveld profile refinement of the 
room temperature x-ray data for (NH4) 0.078^ 0.07MnO2. (space group 12/m)
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Figure 3.21. Observed, calculated and difference for the Rietveld profile refinement of 
the room temperature x-ray data for CuoosKoojMnOz. (space group 1 2/m)
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Figure 3.22. Observed, calculated and difference for the Rietveld profile refinement o f 
the room temperature x-ray data for Cso.04Ko.1MnO 2. (space group 1 2/m)
3.3.4. Magnetic properties.
Ko.i2Mn0 2  (Kl) develops a ferromagnetic component on cooling below 50K, however, 
a negative Weiss constant is observed which is characteristic of antiferromagnetic 
interactions. Given the lack of magnetic scattering in the low temperature neutron 
pattern, the deviation from the field cooled and zero field cooled susceptibilities are 
indicative of spin glass behaviour (figure 3.23). The origins of the increase in 
magnetisation at 5 OK is probably due to short range ferromagnetic coupling resulting 
from the complicated Mn-O-Mn framework and presence of Mn3+ impurities giving 
local Mn3+/Mn4+ double exchange coupling. Above 55K the material shows 
paramagnetic behaviour and can be fitted to the Curie-Weiss law (figure 3.23). 
Hysteresis data are given in figure 3.24, with all magnetic data summarised in table 
3.10.
90
CHAPTER 3: Hollandite ‘Kn n sM n C V  System.
300
290
280
0.6-
270
.£< 260
CT)
0.4 - 250
240
2300.2-
150 200 250 300
Temperature (K)
'o00o
0 50 100 150 200 250 300
Temperature (K)
Figure 3.23. Magnetic susceptibility o f Ko.nMnO2 (Kl), showing deviation between zero 
field  cooled (ZFC) and fie ld  cooled (FC) measurement indicative o f a spin glass 
transition; insert shows Curie-Weiss behaviour.
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Figure 3.24. Hysteresis measurements at 5Kfor Ko.nMnO2 (Kl).
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With the exception of Li all intercalated species behave in a similar way to
Ko.i2Mn02. Figures 3.25 to 3.29 show the magnetic behaviour of these materials. Figure
3.30 shows the trend of increasing magnitude of the magnetic susceptibility with
increasing average manganese oxidation state for the FC data. The Curie-Weiss fit of
the paramagnetic region of Cuo.o8Ko.o9MnC>2 gives an observed magnetic moment of
3.81, this suggests that the average manganese oxidation state is close to 4+ this
supports the suggestion that Cu is in fact intercalated in the Cu+ oxidation state and not
as previously suggested in the Cu2+ state. Suib et al also suggested that changes in the
average manganese oxidation state do not affect the observed magnetic properties. It is
clear from these measurements that small changes in the average manganese oxidation
state on intercalation controls the magnetic properties and in particular the magnitude of
the magnetisation.15
Table 3.10. Curie constant, Weiss constant, observed and calculated magnetic moments 
for Ko.nMnO2 and the intercalated analogues.
Sample Av Mn 
ox state
Tf
(K)
C
(Kerg/G2mol)
0
(K)
Heff
(Vb)
ftcalc
(Hb)
Ko.i2M n02 (Kl) +3.88 55 2.106(7) -340(2) 4.10 3.99
K0.08MnO2 (K2) +3.92 55 2.27(1) -289(3) 4.26 3.95
Ko.o9MnC>2 +3.91 55 1.821(9) -301(3) 3.82 3.96
Lio.i8Ko.o9Mn02 +3.74 50 1.75(1) -225(4) 3.74 4.14
(NH4)o.o78Ko.o7Mn02 +3.852 50 0.854(6) -338(4) 2.61 4.02
Cuo.o8Ko.o9Mn02 +3.83 55 1.81(2) -263(6) 3.81 4.04
Cso.o4Ko.iMn02 +3.86 50 0.734(5) -305(4) 2.42 4.01
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Figure 3.27. Magnetic susceptibility of (NH4)o.o78Ko.o7Mn02, showing deviation between 
zero field cooled (ZFC) and field cooled (FC) measurements indicative of a spin glass 
transition; inset shows the region below Tf.
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Figure 3.28. Magnetic susceptibility o f Cuo.o8Ko.o9Mn02, showing deviation between
zero field cooled (ZFC) and field cooled (FC) measurements indicative of a spin glass
transition; inset shows the region below Tf.
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Figure 3.29. Magnetic susceptibility of CsqmKo. iMn02, showing deviation between zero 
field cooled (ZFC) and field cooled (FC) measurements indicative o f a spin glass 
transition; inset shows the region below Tp
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3.3.5 Transport Properties.
Information of the electrical resistance of some of these samples was collected using an 
Oxford instruments MagLab2000 system. The sample resistance was measured over a 
temperature range of approximately 150 -  350K in a zero applied field. All samples 
measured showed an exponential drop of resistance with increasing temperature; the 
signature of semiconducting properties. Figure 3.31 to 3.33 show the results for 
Ko.i25Mn02, Ko.o9Mn0 2  and Lio.isKo.()9Mn0 2 . The band gaps were calculated from 
Arrhenius plots of In conductivity against reciprocal temperature and are shown as 
inserts in figures 3.31 to 3.33. The band gaps calculated as 0.170(2) eV, 0.160(1) eV 
and 0.200(1) eV for the Hollandite, treated hollandite and Li hollandite respectively. It 
can be seen that with decreasing average manganese oxidation state that the band gap 
increases.
7 10'
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Figure 3.31. Resistivity as a function o f temperature for Ko.nsMnOz; insert shows 
Arrhenius relationship.
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Figure 3.32. Resistivity as a function o f temperature for Ko.o9Mn02; insert shows 
Arrhenius relationship.
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3.4. Conclusions.
The framework structure of hollandite can be easily refined to existing models and it 
can be seen from the results presented here that slight difference in the preparation 
method can result in large changes in the sample, for example the composition of the 
two potassium hollandite materials K(l) and K(2). We have shown that it is possible to 
remove some of the potassium template ion from the framework and to intercalate 
different species and that selectivity decreases as a function of increasing ionic radii of 
the intercalated species.
It can be seen that whilst intercalation does not destroy the framework structure 
it does affects the thermal stability of the phase, with stability decreasing with 
decreasing average manganese oxidation state. Changes in the average manganese 
oxidation state also have a large effect on the observed magnetism and electronic 
properties with the band gap increasing with decreasing average manganese oxidation 
state, which would further change the observed magnetism and electronic structure.
It is obvious from these results that the properties of these materials are 
controlled by the average manganese oxidation state and the ready conversion between 
Mn3+ and Mn4+ makes the ‘tuning’ of these materials to achieve a desired set of 
properties a real possibility.
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4.1. Introduction.
Romanechite, (Ba^O^M nsOio, is a naturally occurring manganese oxide mineral and 
is common as minor phases in massive deposits and in fracture linings. The structure 
was first reported by Wadsley in 1953.1,2 Wadsley showed that the structure consisted of 
double and triple edge sharing chains of MnC>6 octahedra, which are corner shared to 
form tunnels measuring (2 x 3) octahedral units shown in Figure 4.1. Wadsley also 
proposed a superstructure for this material with a tripling of the b parameter as a result 
of cation ordering within the tunnels, this was later confirmed by Turner et al using 
electron diffraction, 3 who went on to suggest that Mn3+ ions are preferably located at the 
comer shared edges of the longer chains, which is also consistent with other porous 
manganese structures such as todorokite and RUB 7.4,5
c
a
Figure 4.1. Schematic Representation o f (Ba,H20)2Mn5010, romanechite, where the pink 
squares represent the Mn06 octahedra and the yellow spheres represent the Barium 
and H2O sites.
Sodium romanechite, Nao.4oMn0 2 , was first reported in 1971, with a monoclinic, 
C 2/m space group.6 Though the X-ray pattern showed peaks forbidden in this space 
group, such that h + k =2 n + 1, which was attributed to a supercell caused by the
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ordering of the template ions within the tunnels as well as Mn3+ and Mn4+ ions within 
the framework.
Mendiboure et al commented that the large tunnels in Nao.4oMnC>2 would allow 
the intercalation and deintercalation of sodium ions.7 The exact site of sodium within 
the channels is not well known, though electrochemical experiments were performed to 
determine the amount of Na ions possible to intercalate. Subsequent X-ray diffraction 
data showed the existence of a solid solution in the range of 0.30 < x < 0.58, where x is 
the sodium content of the tunnels, the deintercalation could not be performed at below x 
= 0.30 due to electrolyte instability at high cell voltages. The electrochemical potentials 
of both Li and Ba analogues has been investigated by Tsuda et a 1; in both cases the 
compounds showed a decrease in capacity on cycling and poor reversibility.8,9 The 
removal of the Ba from the tunnel sites proves difficult and is in fact impossible by acid 
leaching methods resulting in the breakdown of the material to y-MnCL.9’10 The material 
shows a reasonable thermal stability decomposing to hollandite at temperatures above
s o o ^ .1
4.2. Synthesis.
Nao.4oMn02 was prepared as reported by Parant et al.6 Stoichiometric ratios of Na2C 03 
and Mn20 3 were ground together and the material heated at 550°C in flowing O2 for 2-3 
days. As reported for the preparation of the phase Nao.44Mn02 slight excess of Na2C 03 
was employed to minimize the possible formation of a manganese oxide second phase 
due to the loss of sodium during the reaction.11 After the reaction the material was 
allowed to cool slowly to room temperature whilst in an atmosphere of flowing oxygen.
Removal of the Na from the tunnels was achieved by stirring the prepared 
Nao.4oMn02 material with a solution of approximately 1M HC1 at room temperature 
overnight.12 The possibility of intercalating other alkali metals such as Li, K, and Cs as 
well as the rare earths Y, Ho and Yb was investigated by reacting the acid leached 
Nao.4oMn0 2  with an excess of metal iodide and in the case of potassium the hydroxide 
based on the equations 4.1 and 4.2. All reactions were rapid and can be monitored by 
the liberation of iodine.
xLil + Nao.4o-yMn02 V2 XI2 + LixNao.4o-yMn02 -(4.1.)
xKOH + Nao.4o-yMn02 —> xOH' + KxNao.4o-yMn02 -(4.2.)
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All products were characterised using the Siemens D500 X-ray diffractometer 
fitted with a secondary monochromator to minimize background intensity due to 
fluorescence of Mn. Additional diffraction data were collected for Nao.4oMnC>2 using the 
High Resolution Powder Neutron Diffractometer (HRPD) at the Rutherford Appleton 
Laboratories in Didcot, Oxon, UK and the powder diffractometer at the National 
Institute of Standards and Technology (NIST), Gaithersburg, Maryland, USA. 
Diffraction data collected were subsequently refined using the GSAS suite of programs. 
Magnetic and resistivity measurements were performed using the Quantum Design 
MPMS7 SQUID magnetometer and the Oxford Instruments Maglab respectively. 
Additional compositional information was collected using elemental analysis, EDX, 
EPMA and thermal methods.
4.3. Results and Discussion.
43.1. Structure.
The X-ray diffraction pattern of the as made product was identical to that previously 
reported6 (JCPDS file No 27-749). Rietveld refinement was performed using the model 
proposed for the (Ba,H20)2Mn5Oio structure2 as well as the romanechite supercell as a 
model proposed by Turner et al,3 the latter exhibiting the larger lattice parameters of a -  
13.929, b = 8.5377, c = 9.678 and f3= 92.39° compared to those reported by Parant et al 
of a -  13.81, b — 2.863, c -  9.74 and f i -  95.2°.6 Both of these models gave a poor fit to 
the observed data, with marked differences in peak intensities as well as the absence of 
some peaks whilst others appear to be either extra or the result of peak splitting. These 
observed deviancies could be a result of intergrowths of the structure as illustrated by 
the intergrowth of hollandite in figure 4.2.13,14 These types of defects are common in 
these porous systems. For example, the mixture of tunnels formed by (1 x 2) octahedra 
and ( l x l )  octahedra gives the excellent electrochemical properties of electrolytic 
manganese dioxides (EMD).
The possibility that the structure of Nao.4oMn02 was not that of romanechite was 
considered, since Na is widely reported to be too small to act as a template ion for 
hollandite, it is probable that this is also true for the larger pore observed in the
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romanechite structure. 15 Additionally preparation of porous manganese oxides vary, but 
traditionally preparation of these materials with larger pore dimensions are restricted to 
wet chemical or hydrothermal techniques. For example, hollandite is in fact prepared by 
wet chemical methods and can not be prepared by conventional solid state methods as is 
(Ba, H2 0 )2Mn5 0 io.9,16 A loss in crystallinity in X-ray data with increasing pore size is a 
general trend in these materials, such as in todorokite and birnessite, which show poor 
crystallinity. Considering the relatively large size of the romanechite tunnels and the 
high temperature preparation route it is considered possible that the structure may differ 
from that reported.
/ /
/
/
- /
/ / XX
/
/ X X
Figure 4.2. Schematic representation showing the intergrowth between hollandite with 
romanechite, where the pink squares represent the MnOe octahedra.
Comparisons of the data with that of Nao.44Mn0 2  showed some similarities but were 
obviously not identical phases. The peaks of both the neutron data collected at NIST 
and the X-ray diffraction data were indexed by the Crysfire program. 17 Two monoclinic 
cell suggestions gave good figures of merit and looked good in comparison to other unit 
cells reported for porous manganese oxides. That is they showed similar b values of 
approximately 2.8 or multiples there of, these are given below. 15 This value of 2.8 (or
5.6) represents the distance down the tunnel and is independent of the tunnel size.
1. a =  14.82 b = 5.907 c = 11.31 and0=  105.166°
2 . a -  16.17 b -  5.680 c -  12.28 and /?= 92.3460°
Lebail fits using the GSAS suite of programs on these cells were attempted using 
firstly the data collected at NIST. Both cells gave superior fits compared to Lebail fits 
using the romanechite model with %2 = 1.31 and %2 = 1.899 for cell 1 and cell 2 and
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shown in figures 4.3 and 4.4 respectively. Attempts were made to solve the structure by 
direct methods using the EXPO and SIRPOW programs. 18 Due to the quality of the data 
no usable solutions were achieved, however results indicated that the material is porous 
in nature.
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Calculated
Difference
3000-
2000
30 40 50 60 70 80 90 100 110
2 Theta (degrees)
Figure 4.3. Observed, calculated and difference for the Lebail refinement o f neutron 
powder diffractometer data for Nao.4oMn02 using model 1: a = 14.82 b = 5.907 c = 
11.31 and J3= 105.166°.
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Difference
4000-
c 3000-
<  2000^
30 40 50 60 80 90 100 11070
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Figure 4.4. Observed, calculated and difference for the Lebail refinement o f neutron 
powder diffractometer data for Nao.4omn02 using model 2: a = 16.17 b = 5.680 c = 
12.28 and/3= 92.3460°.
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EDX and elemental analysis data confirm the composition as being that
intended, namely Nao.39(3)MnC>2 . Removal of the sodium template by acid leaching
appears also to be possible with approximately half of the sodium being removed this is
consistent with other data reported in this thesis and confirms the porous nature of this
material. It is evident from the results that acid leaching of the framework is a more
effective method for the removal of the template ion from within the tunnel site than the
electrolytic deintercalation, giving a value of x = 0.17 as apposed to x = 0.30 observed.7
The intercalation of other alkali metals and lanthanides within the tunnel occurred with
a great deal of ion selectivity as can be seen from the EDX, elemental analysis and
EPMA results in tables 4.1 and 4.2.
Table 4.1. Results obtained by elemental analysis and EDX for the chemical 
composition ofNao.4oMn0 2  and intercalated species.
Sample Elemental Analysis EDX Analysis
Nao.4oMnC>2 Nao.390(3)MnC>2 Nao.390(3)Mn02
Nao.4o-yMnC)2 Nao.i70(2)MnC>2 Nao.i50(2)MnC>2
Lio.5Nao.4o-yMn02 Lio.260(3)Nao. i50(2)MnO2 LixNao. 16o(2)MnC>2
KxNao.4o-yMnC>2 Ko.o40o(4)Nao. 170(2)MnO2 Ko.o5oo(5)Nao. 160(2)MnC>2
CuxNao.4o-yMnC>2 - Cuo.o30o(3)Nao.o90(i)MnC)2
* Li content cannot be analysed by the EDX method.
Table 4.2. EPMA results for lanthanide intercalated Nao.4oMn02 species calculated 
from the average o f 20 analysed points.
Sample EPMA Analysis
YxNao.40-yMnO2
YbxNao.4o-yMn02
HoxNao.4o-yMn02
Y o.260(3)N ao.o70(i )MnC>2
Ybo.450(5)Nao.o50(i)Mn02
Hoo.o40(4)Nao.o70(i)Mn02
* Both Y and Yb treated samples are not homogenous suggesting the possible presence 
o f a second phase or the possibility of lanthanide intercalation at surface sites only.
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Intercalation is consistent with increasing radii as proposed for the hollandite 
system with the exception of Cu, K and Ho, which show negligible intercalation.19 
Since the intercalation of Cs into the tunnel sites proved impossible this suggests that 
the pore in Nao.39Mn(> 2  is only large enough to accommodate Na ions. Hollandite has 
the capacity to intercalate both K and Cs suggesting that the pores in Nao.39Mn02 are in 
fact smaller than those of hollandite. It appears as though it is possible to intercalate 
greater amounts of rare earth metals than alkali earth metals, this may be in part due to 
the removal of more sodium during the reaction, in other words there is an ion exchange 
mechanism at play as well as a direct intercalation experiment. This gives the following 
selectivity’s order with increasing radii.20
Li > Cu > Yb > Y = Ho > Na > K
X-ray diffraction data showed slight shifts in peak position for all new 
compounds when compared with Nao.39Mn0 2 , corresponding to the slight change in 
lattice parameters, which is shown in figure 4.5.11 All the X-ray data were fitted to both 
the proposed cell using the Lebail refinement in the GSAS suite of programs in an 
attempt to elucidate a trend in the cell parameters as a function of intercalation. The 
refinement patterns are given in figures 4.6 to 4.11 and the refinement fit data and cell 
data are given in tables 4.3 and 4.4 respectively. Some regions were excluded due to the 
presence of slight amounts of a Nao.44Mn0 2  phase, which also appears to grow with 
time this is unsurprising as it is known to be the most thermodynamically stable 
member o f the series. Refinements were difficult due to intergrowths, stacking faults 
and preferred orientation of these materials. The refinement of both Y and Yb materials 
was not possible due to the quality of the data collected as a result of small amount of 
sample material. Lebail refinements for both models result in very similar lattice 
parameters, with the difference between the two models being the angle beta. In both 
cases there is a drop in cell volume as the sodium is removed from the tunnel sites. 
Upon intercalation there is an increase in cell volume as would expected for porous 
materials.
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Figure 4.5. X-ray diffraction data for Nao.36Mn02 and Nao.i6Mn02 showing peak 
splitting as a result o f  increasing average manganese oxidation state and hence 
changes in lattice parameters.
Table 4.3. Final lattice parameters derived from the Lebail extraction o f Nao.4<)Mn02, 
acid treated Nao 4(,Mn0 2  and lithium intercalated NaoAoMnOz using models 1 and 2.
Sample a (A) b(A) c (A) P Cell Vol (A5)
Na 1 14.9246(10) 5.86710(30) 11.2261(8) 106.792(6) 941.09(11)
2 15.9723(13) 5.60264(34) 12.0089(11) 93.172(5) 1072.99(15)
Treated 1 14.4129(20) 5.7089(5) 10.9781(15) 105.904(9) 868.72(19)
2 15.7938(12) 5.58483(31) 11.8938(9) 93.147(7) 1047.52(12)
Li 1 14.7282(13) 5.8654(4) 11.3214(11) 106.199(4) 939.18(14)
2 16.1540(22) 5.6587(5) 12.2440(14) 93.179(8) 1117.52(23)
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Table 4.4. Goodness o ffit factors for Lebail extraction o f NaoAoMnOz, acid treated 
Nao,4oMn0 2  and lithium intercalated Nao.4oMn0 2  using models 1 and 2.
Sample x2 WRp
(%)
Rp
(%)
Na 1 19.41 16.86 12.39
2 1 0 . 6 8 12.36 8.24
Treated 1 13.46 15.06 11.74
2 12.63 15.35 10.84
Li 1 5.000 9.50 6.80
2 8.467 12.56 8.87
Observed
Calculated
difference
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CO
'c
D
-Q
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<  4000 -
w
§ 2000: 
O
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Figure 4.6. Observed, calculated and difference for the room temperature X-ray 
diffraction data fo r  the Lebail extraction pattern o f Nao.4(>Mn02 using model 1: a = 
14.82 b = 5.907 c = 77.37 a nd fi=  105.166°.
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Figure 4.7. Calculated, observed and difference for the Lebail extraction o f room 
temperature X-ray diffraction data o f Nao wMnOz using model 2: a — 16.17 b — 5.680 c 
= 12.28 and (3 = 92.34608.
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Figure 4.8. Observed, calculated and difference fo r the Lebail extraction o f X-ray 
diffraction data o f Nao.nMnOz using model 1: a = 14.82 b = 5.907 c = 11.31 and(3 — 
105.16(f.
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Figure 4.9. Observed, calculated and difference for the Lebail extraction of X-ray 
diffraction data of Nao.i?Mn0 2  using model 2: a = 16.17 b — 5.680 c = 12.28 and (3 -  
92.3460°
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Figure 4.10. Observed, calculated and difference fo r  the Lebail extraction o f X-ray 
diffraction data o f Lio.26Nao.i6Mn02 using model 1: a = 14.82 b = 5.907 c = 11.31 and 
(3 = 105.166°.
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Figure 4.11. Observed, calculated and difference for the Lebail extraction of X-ray 
diffraction data of Lio.26Nao.i6Mn02 using model 2: a = 16.17 b = 5.680 c = 12.28 and 
(3=92.3460°.
4.3.2. Thermal Analysis.
Thermal data have been collected using the Shimadzu TGA 50 analyser over a 
programmed temperature range of room temperature to 950°C at a heating rate of 
10°C/min in an inert atmosphere of nitrogen for NaojyMnCh, Nao.nMnC^ and 
Lio.26Nao.i6Mn02. The subsequent residues were identified using the Siemens D500 
powder X-ray Diffractometer. No thermal data have been collected for the K, Y or the 
Yb doped materials but it would be expected that they would decompose in a similar 
fashion to the Li intercalated material. Table 4.5 summarises the decomposition routes 
for the materials studied.
Figure 4.12 shows the three step decomposition route in the TGA data for 
Nao.39MnC>2 . X-ray analysis of the final residue can be readily identified as Na<).44Mn0 2 , 
which is more thermally stable, with trace amounts of M112O3 present as a secondary 
phase. The final decomposition temperature is consistent with that reported for the 
barium romanechite, however the final product in the decomposition of 
(Ba,H2 0 )2Mn5 0 io is hollandite. 1 The first weight loss is most likely due to loss of small
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amounts of water absorbed from post reaction of the starting materials in air. This is 
followed by loss of oxygen as Nao.44Mn0 2  is formed.
Table 4.5. Decomposition routes and percentage weight loss fo r  Nau.4oMn02, 
Nao.i6Mn0 2  and Lio.26Nao. 1 ssMnO} in an inert atmosphere o f nitrogen.
1st decomposition 2nd decomposition 3rd decomposition
Sample Onset Endset % Wt Onset Endset % Wt Onset Endset % Wt
(°C) (°C) loss (°C) (°C) loss (°C) (°C) loss
Na 235.79 333.65 0.300 450.77 518.21 0.327 653.09 778.33 2.695
Treated 291.26 436.27 2.031 474.94 522.76 1.741 713.05 806.67 3.002
Li 148.96 233.66 0.220 390.51 438.61 0.190 526.45 910.21 5.653
After treatment with acid the TGA (figure 4.13.) trace shows again a three-step 
decomposition as before. Most notably step 1 shows a larger percentage weight loss 
than the parent Nao.4oMnC>2 compound, which can be suggested as the loss of a greater 
amount of water as the result of the Na removal process performed in dilute acid 
solution. The final decomposition temperature observed for the acid treated material is 
higher, suggesting an increased thermal stability as a result of sodium removal, this is 
contrary to results observed for similar materials which show a decrease in thermal 
stability with the removal of the template cation.
Weight Loss -0.034mg 
-0.300%
Weight Loss -0.305mg
-2.695%
Weight Loss -0.037mg 
-0.327%
Temp [C]
Figure 4.12. TGA trace showing three step decomposition route and percentage weight 
losses fo r  Nao_39Mn0 2  in an inert atmosphere o f nitrogen.
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Weight Loss -0.224mg 
 _______  -2.031%
Weight Loss -0.33 lmg 
-3.002%
Weight Loss -0.192rog 
-1.741%
Temp [C]
Figure 4.13. TGA trace showing three step decomposition route and percentage weight 
losses for Nao,if)Mn0 2  in an inert atmosphere o f nitrogen.
As expected the decomposition observed for the Li intercalated material 
proceeded in three steps, (figure 4.14.) As with the previous materials this first step can 
be attributed to loss of water from the tunnels, however this loss is small suggesting the 
replacement of the water with Li during the intercalation process. The final 
decomposition of the material to Nao.44Mn0 2 and Li spinel occurs at a much lower 
temperature suggesting loss in thermal stability as a result of intercalation. This suggests 
that this material is thermally more stable when the average manganese oxidation state 
tends towards +4.
Weight Loss -0.022mg 
- 0 .220% Weight Loss -0.565mg 
-5.653%
Weight Loss -0.019mg 
-0.190%
400.00
Temp [C]
Figure 4.14. TGA trace showing here step decomposition route and percentage weight 
losses for Lio.26Nao.j6Mn0 2  in an inert atmosphere o f nitrogen.
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4.3.3. Magnetic properties.
The zero field cooled (ZFC) and field cooled (FC) magnetic susceptibility of 
Na«.4oMnC)2 in 1000G shows an anomaly around 5K on top of a paramagnetic signal, 
shown in figure 4.15. The insert shows the straight-line fit in the paramagnetic region 
(150 -  300K) to the Curie-Weiss law, yielding a negative Weiss constant indicative of 
antiferromagnetic exchange. The overlap of ZFC and FC suggests a long range 
antiferromagnetic state but the absence of a maximum shows most of the sample 
remains paramagnetic. The calculated and observed magnetic moments are in good 
agreement with each other and are given in table 4.6.
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ZFC and overlapping FC
230
0 . 0 1 -
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Figure 4.15. Zero field  cooled (ZFC) and field  cooled (FC) magnetic susceptibilities o f  
Nao.39Mn02, showing paramagnetic character; inset shows Curie-Weiss behaviour.
Removal of the sodium from the tunnel site, Nao.i6Mn02, significantly affects 
the observed magnetism. The susceptibility now shows a maximum at 22K and 
deviation from ZFC/FC susceptibility at 30K (figure 4.16). This deviation is consistent 
for a spin glass system. The magnetic susceptibility of the intercalated system, shown in
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figure 4.17 and 4.18 and compared to the other samples in figure 4.19 retains the same 
spin glass character. This is expected in such a system that has the disorder induced 
from the different moments on the Mn3+ and Mn4+ ions as well as the positional disorder 
associated with the disordered cations.
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1.008
ZFC
o 0.007
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E?•2
*  0.006-
1.005
0.004
0 50 100 150 200 250 300
Temperature (K)
Figure 4.16. Magnetic susceptibility of Nao.jsMnOz showing a maximum at around 22K 
with deviation from ZFC/FC susceptibility at 30K, typical o f a transition to a spin glass 
state; inset shows the region below 7>.
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Figure 4.17. Magnetic susceptibility of Lio.26Naoj5Mn02 showing a maximum at around 
15K with deviation from ZFC/FC susceptibility at 45K, typical of a transition to a spin 
glass state.
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Figure 4.18. Magnetic susceptibility of Ko osNao. isMnO2 showing a maximum at around 
22K with deviation from ZFC/FC susceptibility at 3 OK, typical of a transition to a spin 
glass state.
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Figure 4.19. Magnetic susceptibilities ofNao.39MnC>2 and intercalated species showing 
the transition from paramagnetic behaviour to a spin glass state.
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The magnetic susceptibilities of the lanthanide samples are grossly different to
that observed for those containing alkali earth metals (figures 4.20 and 4.21). All 
susceptibilities follow the dependence of a paramagnetic. The anomaly at 45K in 
Ybo.26Nao.o5Mn02 is assigned to an impurity. Figure 4.23 shows the magnetic 
susceptibilities of the lanthanide samples in comparison with NaojoMnCh. Calculation 
of the observed magnetic moment from the Curie constant, C, gives a value of 3.85p.B 
suggesting an average manganese oxidation state of approximately 3+. If Yb3+ is 
intercalated into the structure this would result in an average manganese oxidation state 
of +2.60 with a calculated magnetic moment of 5.05(Ib, however it is more likely that 
Yb is intercalated into the framework as Yb2+ resulting in an average manganese 
oxidation state of +3.05 and calculated magnetic moment of 4.83|Ib which is closer to 
that observed. This observation may offer an explanation as to why Yb can be 
intercalated into the framework but Ho, which, exists, as Ho3+ cannot.
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Figure 4.20. Field cooled (FC) magnetic susceptibility o f  YojeNao.osMnO2, showing 
paramagnetic character; inset shows Curie- Weiss behaviour.
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Table 4.6. Curie constant, Weiss constant, observed and calculated magnetic moments 
for Nao.4oMn0 2  and intercalated species.
Sample C
(Kcrg/G2mol)
0
(K)
Tn/Tf/Tc
(K)
^eff
Gab)
Pcalc
(Hb)
Nao.39Mn02 2.124(5) -194.5(9) 5 4.12 4.36
Nao.i7Mn02 2.166(5) -214(1) 60 4.16 4.71
Lio.26Nao. 15M11O2 1.82(9) -193(2) 45 3.81 4.45
Ko.o5Na<).i5Mn02 1.851(8) -169(1) 45 3.84 4.08
Yo.26Nao.o7Mn02 1.355(6) -189(1) 75 3.29 4.74
Ybo.45Nao.o5Mn02 1 .8 6 ( 1) -149(2) 1 2 0 3.85 4.83
0.035
FC 340
0.03- 320
_  3000.025
280
E 0.02-
260
P>
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240
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0.01 - 220
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Temperature (K)
0.005 -
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Figure 4.21. Zero field cooled (ZFC) and field cooled (FC) magnetic susceptibilities of  
Ybo.45Nao.osMnO2, showing paramagnetic character; inset shows Curie-Weiss 
behaviour.
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4.3.4. Transport Properties.
Electrical resistivity of Nao.4oMn0 2  and Lio.26Nao.i6Mn02 has been collected using the 
4-point DC method available on an Oxford Instruments Maglab over a temperature 
range of 150-350K using a current of 0.001mA. An exponential decrease of resistance 
with increasing temperature was observed for both materials, indicative of semi­
conducting properties. (Figures 4.23 And 4.24) This is consistent with data published 
previously for these materials which are semiconducting over a temperature range of 
150-650K.6 The band gap was calculated from the slope of the Arrhenius plots given in 
figures 4.25 and 4.26, the plots showed the Nao.4oMnC>2 and Lio.26Nao.i6Mn02 to have 
band gaps well within the semiconductor range. The effect of doping Li into the 
material increases the band gap from 0.240(2) eV to 0.320(1) eV.
FC
Yb
T reated 
Na
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Figure 4.23. Resistivity o f NaojgMnO: as a function o f temperature in zero field.
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Figure 4.24. Resistivity of Li0.26^aoj6Mn02 as a function of temperature in zero field.
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Figure 4.25. Arrhenius plot o f In conductivity Vs 1/temperature for Nao.44MnC>2.
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Figure 4.26. Arrhenius plot o f In conductivity Vs 1/temperature for Lio.26Nao.j6Mn02.
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4.4. Conclusions.
A porous material with the formulae, Nao.39Mn02, can be prepared by solid state 
methods and identified as the phase first prepared by Parant et al.6 Little literature exists 
for the Na romanechite, especially with respect to magnetic properties and is limited 
mostly to lithium cyclability for battery technology. Refinement of data collected 
proved difficult and gave poor fits to both full and Lebail refinements using the GSAS 
suite of programs. It is suggested that whilst this material is similar to (Ba^O^MnsOio 
romanechite they are not identical either due to presence of large amounts of 
intergrowths affecting the peak positions and intensities or because of a slightly 
different framework structure. Evidence reported here confirms that the material is 
indeed porous with intercalation and deintercalation possible. Size limitations on the 
intercalation of cations is limited to potassium ions, attempts to intercalate Cs were not 
successful, this is not consistent with what you would expect for (2 x 3) pores and 
suggests that the tunnel is smaller and the structure is incorrect. Data collected shows 
the material to behave in a similar fashion to the Nao.^MnCh material as opposed to the 
hollandite material. On thermal treatment the barium romanechite breaks down giving 
rise to the hollandite material, whilst the sodium analogue breaks down to Nao.44Mn0 2 . 
Attempts to solve either the structure by direct methods or to model the many possible 
intergrowths were not successful and other avenues will need to be pursued to fully 
elucidate the structure, possibly through computational techniques.
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5.1. Introduction.
The sodium manganese oxide, Na<).44Mn02 or Na4Mri4 InMn5rvOi8 was synthesised in 
1971 and found to be isostructural with the known compound, Na4Mn4Ti5Oi8 .1’2 The 
structure is orthorhombic with the Pbarn space group and contains two separate 
manganese sites with MnC>6 octahedra and MnOs square pyramid units shown in figure
5.1. These units are linked together by comer and edge sharing forming two distinct 
tunnel sites parallel to c; the smaller tunnel (nl) is defined by four MnC>6 octahedra and 
two MnC>5 square pyramids, whereas the larger ‘s’ shaped tunnels containing two 
different cation sites parallel to c (n2  and n3) are defined by ten MnC>6 octahedra and 
two MnOs square pyramids. Three crystallographically distinct cation sites within the 
framework have been suggested. 3 It has been suggested that whilst the smaller nl site is 
approximately full, the ‘s’ shaped tunnel sites are % and lA full for the n2 and n3 sites 
respectively.4
Figure 5.1. Structure o f NaonMnOz shown along the c-axis, where the pink squares 
represent the Mn06 octahedra, the pink triangles represent the MnO$ square pyramids 
and the green spheres are the sodium cations.
It was initially suggested that due to the occurrence of two different manganese
sites (octahedral and pyramidal) that a hopping mechanism could be difficult, therefore
making intercalation and de-intercalation of this compound impossible.5 However, since
then extensive studies have been conducted replacing the sodium with lithium for use in
Lithium Batteries. 3,4,6 The main advantage of this material is that it does not transform
to spinel-like phases during the electrochemical charge and discharge of the cell unlike
some of the other manganese oxides and complete recovery of the capacity is obtained
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if cells are charged at a slow rate.6,7 During these studies it has been shown that 
Nao.44Mn(> 2  has an exceptional capacity for retention upon cycling and can intercalate
4“ 4“ 80.55-0.6 Li or Na ions with a retention capacity of 160-180mAh/g.
Whilst it is commonly thought that this structure has a formula of Nao.44Mn02, 
consistent with that reported for the isostructural titanate, it has been shown to be
Q
prepared with small amounts of Mn2 0 3  present as a second phase. The preparation of a 
pure phase was reported to be possible by the pH controlled reduction of sodium 
permanganate with sodium iodide and subsequent firing in an atmosphere of air at 
temperatures greater than 600°C.7,9 Rietveld analysis of this product gave a formula of 
Nao.5oMn02, and the authors suggest that previous preparations where, x * 0.50, 
contains impurities. This compound can also be prepared by hydrothermal treatment of 
MnC>2 with NaOH at temperatures above 500°C.10
Original work on Nao.44Mn02 suggests paramagnetic behaviour down to 20K.2 
However, more recent work on the Nao.5oMn02 phase shows antiferromagnetic order at 
Tn cp 3OK, with an observed magnetic moment of 4.027 in good agreement with that 
expected.7
An isostructural compound with the formula NauCai.gMngOis has been 
reported,11 with the positions of the mixed cations differing to that seen for the pure Na 
case. The insertion of Ca into the tunnel sites was achieved by solid-state reaction of 
CaO, MnC>2 and NaMnC>2 directly. This material exhibits a high resistivity (2.5 x 
104Qcm) at room temperature, which increases rapidly as the temperature decreases. 
The resisitivity becomes too high to be measured below 220K. The magnetic 
susceptibility was measured at 3000G over the temperature range of 130-400K and 
showed the material to be paramagnetic. However, the presence of the perovskite, 
CaMnC>3, prevents any interpretation of the magnetic susceptibility below 122K.
More recently the possibility of doping the manganese framework sites with 
other transition metal elements has been explored by Doeff et al. The substitution of 
Cu2+ on to the Mn4+ sites within the framework was achieved, with a maximum 
intercalation of 11%. The electrochemical characteristics of the lithium intercalated 
species showed a reduction in capacity from that of the copper intercalated sodium 
species.12
Work in this chapter reports the synthesis of Nao.44Mn02, the subsequent
removal of the Na+ counter ion and the intercalation of foreign species into the tunnel
site. The effects of intercalation on the structural, magnetic and electrical properties are
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discussed. The possibility of doping the framework site with Fe has also been 
considered and is reported here.
5.2. Intercalation of the tunnel Site.
5.2.1. Synthesis.
Nao.44MnC>2 was prepared as reported by Doeff et al, stoichiometric ratios of NaCCb and 
Mn2C>3 were ground together using an agate pestle and mortar to thoroughly mix the 
starting materials before being transferred to a furnace at 700°C in air for 2-3 days.4 A 
slight excess of NaCC>3 was employed to minimize the possible formation of a 
manganese oxide second phase due to the loss of sodium during the reaction.3 Powder 
neutron diffraction was collected using the High Resolution Powder Neutron 
Diffractometer (HRPD) at the Rutherford Appleton Laboratories in Didcot, Oxon, UK.
The sodium was removed from within the tunnel by stirring the prepared 
Nao.44Mn02 with a solution of approximately 1M, HC1 overnight at room temperature.8 
In the insertion study the treated Nao.44Mn02 was reacted with an excess of Lil, with 
iodine being liberated instantaneously (equation 5.1) and KOH. (Equation 5.2.)
It was attempted to remove the intercalated potassium from the tunnels by the 
same method employed for sodium removal. This however, proved impossible, with 
only a negligible change in potassium content. Prolonged stirring in acid results in the 
dissolution of some of the product rather than further deintercalation. This is consistent 
with results observed for Hollandite, which suggests that the level of alkali metal 
insertion is inversely related to ionic radii, however, cation retention upon acid 
treatment shows the opposite relationship and is more favourable for larger cations. 13 
The removal of lithium from the tunnels was not tried due to restraints on the amount of 
sample and dissolution of the material during the reaction but it is expected that removal 
could be achieved in this manner.
xLil + Nao.44-yMn02 -» V2XI2 + LixNao.44-yMn02 
xKOH + Nao.44-yMn02 —» xOH‘ + KxNao.44-yMnC>2
-(5.1.)
-(5.2.)
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5.2.2. Results and Discussion.
5.2.2.I. Elemental Analysis/EDX.
Elemental Analysis and EDX results are summarised in table 5.1. Complete removal of 
the sodium should theoretically be possible by the reduction of the Mn4+ sites to Mn3+ 
sites within the framework. However, realistically complete removal of the template ion 
from within the framework results in decreased thermal stability and the subsequent 
‘collapse’ of the framework. The removal of sodium appears to be only possible from
g
the large ‘s’ shape tunnel sites giving a minimum Na content of x = 0.20. The Na in the 
smaller channels may be too tightly bound with strong Na-0 interactions to allow 
deintercalation. Since, the EDX results show a lower than expected sodium content, 
with a minimum content of x = 0.17 and an original sodium content of 0.36 it can be 
suggested that a smaller proportion of the (nl) tunnels are filled than in previously 
reported materials. A maximum intercalation of x = 0.60 was observed by Doeff et al, 
which cannot be achieved with the intercalation of foreign species into the tunnel sites. 
A maximum fill corresponding to Na + M, where M is the foreign cation, of x = 0.42 is 
observed for Li without the use of a galvanic cell and decreases with increasing ionic 
radii of the intercalated cation. This suggests that it is not energetically favourable to fill 
all three tunnel sites within this material. Figures 5.2 a and b show increasing ionic radii 
with increasing average manganese oxidation state and decreasing intercalation amount 
with increasing ionic radii respectively. It is worth considering that differences in 
selectivities may be due to the differences in co-ordination of the different cations 
within the tunnel sites and hence differences in interstitial sites as this affects the ionic 
radii, as seen for Ca intercalation.77’74
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Table 5.1. Results obtained by elemental analysis and EDX results for the chemical 
composition of Nao.44Mn02 and intercalated analogues.
Sample Elemental Analysis EDX Analysis
Nao.44Mn02 Not Collected Nao.360(4)Mn02
Nao.44-yMn02 Not Collected Nao.i70(2)Mn02
(acid treated sample)
LixNao.44-yMn02 Lio.260(3)Nao.i70(2)Mn02 LixN ao. 170(2)MnC>2
KxNao.44-yMn0 2 Not Collected Ko.o8oo(8)Nao. i40( i )Mn0 2
* Li content cannot be analysed by the EDX method, 
(a) (b)
0.45
0.4
Na
2 0.35-
£
I
0.25
° Treated
0.15
0.8 1.4 1.6
Ionic Radii (A)
3.85
° T reated
3.8
I
® 3.75
o
i
IS 3.65
Na
3.6
3.55
Ionic Radii (A)
Figure 5.2 . (a) Increasing average manganese oxidation state and (b) decreasing 
intercalation amounts as a function of ionic radii.
5.2.2.2. Thermal Analysis.
Thermal data have been collected over a programmed temperature range of room 
temperature to 950°C at a heating rate of 10°C/min in an inert atmosphere of nitrogen. 
DSC measurements were collected over a temperature range of room temperature to 
600°C by measuring the amount of heat required to maintain the temperature of the 
sample and that of the reference equal. The subsequent residues were identified by X- 
ray diffraction. All calculations were made assuming the compositions observed by
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EDX analysis to be true. Table 5.2 gives the decomposition routes for Nao.44MnC>2 and 
its treated analogues.
Table 5.2. Decomposition routes and percentage weight loss for Nao.44Mn02 and its 
treated analogues in an inert atmosphere o f nitrogen.
Sample 1st Decomposition 2nd Decomposition 3rd Decomposition
onset endset %Wt onset endset %Wt onset endset %Wt
(°C) (°C) loss (°C) (°C) loss (°C) (°C) loss
Nao.36 300.29 438.93 0.774 668.82 809.47 1.522
Nao.n 146.05 297.79 0.715 398.41 579.61 2.958
Lio.26Nao.17 45.02 387.60 2.385 531.80 897.11 5.198
Ko.14Nao.14 30.32 350.86 0.811 386.09 648.88 2.991 672.75 937.12 4.944
Sample Nao.36MnC>2 undergoes a two-step decomposition as illustrated in figure
5.3. The first step is marked by a small weight loss of 0.774%, followed by a second 
weight loss of 1.522%. X-ray analysis of the residue remaining after TGA analysis is 
readily identifiable as the starting material, Nao.44MnC>2, with trace amounts of Mn2C>3 
second phase. Since this phase is usually stable at these temperatures, it would be 
expected to see no evidence of thermal decomposition, however, due to a slightly low 
sodium content from the ideal of 0.44, observed in the EDX analysis, this phase is not 
stable at these elevated temperatures and therefore decomposes to form the more 
sodium rich Nao.44Mn02 with loss of oxygen and corresponding to a lower Mn 
oxidation state consistent with the reducing environment.
A two-step decomposition route is also evident in Nao.i6MnC>2 where the Na 
content is low as a result of the acid leaching (Figure 5.4). These two weight losses can 
be contributed firstly to loss of water from the tunnel sites acquired during the sodium 
removal process and secondly to decomposition of Nao.i6Mn0 2  to Nao.44Mn0 2  and are 
in good agreement with those previously published by Doeff et al.4 It is evident that 
there is a reduction in stability as a result of sodium removal, with the decomposition 
beginning at a lower temperature in Nao.i6Mn02 than in Nao.36MnC>2 . During 
decomposition small amounts of the oxide Mn2 0 3  are also formed.
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TGA
100.0C
Weight Loss -0.088mg 
-0.774%
99.OC
Weight Loss -0.173mg 
-1.522%
97.OC
0.00 200.00 400.00 600.00 800.00 1000.00
Temp [C]
Figure 5.3. TGA trace showing the two step decomposition route and percentage weight 
loss for Nao.4 4Mn0 2  in an inert atmosphere o f nitrogen.
TGA
Weight Loss -0.087mg 
-0.715%
Weight Loss -0.360mg 
-2.958%
o.oo 600.00 800.00400.00 
Temp [Cl
Figure 5.4. TGA trace showing the two step decomposition route and percentage weight 
loss for Nao,i6Mn0 2  in an inert atmosphere of nitrogen.
As expected Lio.26Nao.i7Mn02 also shows a two-step decomposition, with the 
first step again being attributable to loss of water, a broad endothermic peak in the DSC 
marks this (Figure 5.5). The most notable difference as a result of lithium intercalation
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is the complete decomposition of the Nao.44Mn0 2  type phase to a mixture of more stable 
Li spinel-type materials and sodium oxides as given by equation 5.3. At the beginning 
of this decomposition is a large exothermic peak indicating a phase change. An increase 
in thermal stability is observed, upon the insertion of Li into the tunnel sites. The 
NaMn2C>4 is not known and not therefore a path of decomposition for the previous 
compounds.
Lio.26Nao.i55Mn02 —> 0.081Li2MnC>4 + 0.098LiMnC>2 + 0.27Mn3C>4 -(5.3)
+ 0.085Na20  +0.15O2T
Unexpectedly Ko.o8Nao.i4Mn02 undergoes a three-step decomposition route as 
illustrated by equations 5.4-5.6. (Figure 5.6) As with all these materials a broad 
endothermic peak is observed in the DSC at this first step, yielding a weight loss of 
0.811% equivalent to loss of water from the surface and from the tunnel sites. Step two 
shows a weight loss of 2.991% and is accompanied by a broad endothermic shoulder to 
a very pronounced endothermic peak; this is equivalent to loss of oxygen as the 
metastable potassium-sodium manganate breaks down to form the more stable 
Nao.44MnC>2, and KMnC>2 as identified by X-ray analysis of the DSC residues.
The third weight loss (4.944%) can be attributed to loss of oxygen as the remaining 
Nao.44MnC>2 reacts with the other oxides to form a mixture of manganese oxides, 
Na4 MnC>4 , K2Mn0 4 , K^M^Og and some residual KMnC>2 . Had DSC data been 
collected at this temperature we would expect to see an exothermic peak due to the 
phase change observed.
Ko.o8Nao.i4Mn02*0.046H20 —t  Ko.o8Nao.i4Mn02 + O.O4 6 H2O —(5.4)
Ko.o8Nao.i4Mn02 —> Nao.44MnC>2 + 0.34Mn2O3 + 0.08KMnO2 + O.O9 O2T -(5.5)
Nao.44Mn02 + 0.34Mn2O3 + 0.08KMnO2 -> 0.035Na4MnO4 + 0.03KMnO2 + -(5.6)
0.02K2MnO4 + 0.005K2Mn408 + 0.2575Mn2O3 + 0.01Mn30 4 + 0.35MnOi.88 + 0.14O2T
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-0.664mg
-6.309%
400.00
Figure 5.5. TGA trace showing the two step decomposition route and percentage weight 
loss for Lio.26Nao.i55Mn0 2  in an inert atmosphere of nitrogen.
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Figure 5.6. TGA trace showing the three step decomposition route and percentage 
weight loss for Ko.osNao. i4Mn0 2  in an inert atmosphere o f nitrogen.
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Removal of the sodium from the tunnel sites results in decrease in the thermal
stability of the phase. However, whilst the intercalation of different cations into the now
vacant tunnel sites initially results in an increase in thermal stability relative to the acid
leached phase these samples eventually degrade to more stable phases. Complete
formulae for all samples including waters of crystallization are given in table 5.3.
Table 5.3. Complete formulae and corresponding molecular weights for Nao.44MnC>2 
and intercalated species.
Sample Formulae Molecular Weight
Nao.44MnC>2 Nao.36Mn(>2 95.1964
Nao.44-yMn02 Nao.i7Mn02*0.036H20 91.2649
LixNao.44-yMn02 Lio.26Nao.i7Mn02*0.123H20 94.8668
KxNao.44-yMn02 Ko.osNao. i4Mn02*0.046H20 94.1133
5.2.2.3. Diffraction.
Rietveld refinement of HRPD data at room temperature gave an Rwp value of 11.90% 
compared with 25.23% using laboratory X-ray data. The refined patterns, showing the 
observed and calculated diffraction data, as well as the difference curve are given in 
figure 5.7 (a) and (b) with the final parameters given in tables 5.4 and 5.5. Refinement 
of the sodium occupancies support the EDX results with a lower than full occupancy 
being observed for the ni site. However, the refined fractional occupancy of the second 
site in the ‘s’ shaped tunnels namely the n3 site is slightly fuller than expected giving 
rise to an artificially high sodium content of 0.47. The crystals of Nao.44MnC>2 show a 
tendency for preferred orientation lying along the hOl axis, and led to poor agreement in 
the X-ray fits. Additional inconsistencies in the observed intensities of the peaks in both 
the neutron and X-ray data are due to the presence of intergrowths in this material. All 
atom positions, bond lengths and angles are in good correlation with those reported for 
Lio.44MnC>2 .3 A slight amount of second phase is observed in this material and can be 
identified as Mn2 0 3  Bixbyite, for the purpose of refinement these peaks were excluded 
from the X-ray data.
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F ig u re  5 . 7. O b se rv e d , c a lc u la te d  a n d  d if fe re n c e  f o r  th e  j o i n t  R ie tv e ld  r e f in e m e n t o f  (a) 
p o w d e r  n eu tro n  d a ta  a n d  (b) X -r a y  d a ta  f o r  N ao.44M n02 r e f in e d  in th e  o r th o rh o m b ic  
P b a m  s p a c e  g ro u p .
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Table 5.4. Final lattice parameters and goodness o ffit parameters derived from the 
joint Rietveld refinement o f neutron and powder X-ray diffraction ofNao.44Mn02 refined 
in space group Pbam.
a (A) b (A) c (A) Cell volume %2
(A3)
WRp (%) Rp(%)
9.11595(23) 26.4125(6) 2.83048(6) 681.510(28) 43.35 13.71 18.02
Table 5.5. Refined atom positions, thermal parameters andfractional occupancies from 
the joint Rietveld profile refinements for neutron and powder X-ray diffraction o f  
Nao.44MnC>2 refined in space group Pbam.
Atom X y z Ui/Ue x 100 Fractional
occupancy
Mnl 0 0.5 0 0.79(24) 1.00
Mn2 0.3739(13) 0.3047(4) 0.5 2.18(38) 1.00
Mn3 0.0234(11) 0.1121(4) 0 0.69(33) 1.00
Mn4 0.0346(11) 0.1121(4) 0 0.85(34) 1.00
Mn5 0.3566(14) 0.0872(5) 0.5 3.80(42) 1.00
06 0.3570(8) -0.00071(34) 0.5 1.35(30) 1.00
07 0.2260(10) 0.09253(36) 0 3.05(32) 1.00
08 0.0435(11) 0.15659(36) 0.5 4.55(35) 1.00
09 0.4359(9) 0.17009(34) 0.5 2.02(27) 1.00
010 0.1730(9) 0.28060(28) 0.5 0.28(25) 1.00
O il 0.4257(9) 0.26518(28) 0 1.23(28) 1.00
012 0.3177(11) 0.35478(38) 0 2.78(30) 1.00
013 0.5081(9) 0.07219(36) 0 1.29(29) 1.00
014 0.4772(9) 0.43375(32) 0.5 3.60(35) 1.00
Na 0.2100(22) 0.1957(7) 0 5.1(13) 0.85(6)
Na 0.2237(58) 0.4075(19) 0.5 14.5(31) 0.56(8)
Na 0.1150(37) -0.0066(11) 0 9.6(18) 0.72(6)
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F ig u re  5 .8 . R e p r e s e n ta tio n  o f  Nao_44Mn02 i l lu s tr a t in g  m a n g a n e s e  ion  s i te s  p lo t t e d f r o m  
th e  R ie tv e ld  r e f in e d  a to m  p o s i t io n s  g iv e n  in  ta b le  5 .5 , w h e r e  th e  p in k  s q u a r e s  r e p r e s e n t  
th e  M nO f, o c ta h e d r a , th e  p in k  tr ia n g le s  th e  M n O s  s q u a r e  p y r a m id s  a n d  th e  y e l lo w  
s p h e r e s  th e  so d iu m  c a tio n s .
T a b le  5 .6 . B o n d  le n g th s  f r o m  th e  jo i n t  re f in e m e n ts  f o r  th e  n e u tro n  a n d  X - r a y  re f in e m e n t  
o f  Nao.44MnC)2 in th e  P b a m  s p a c e  g ro u p .
Mnl
(A)
Mn2
(A)
Mn3
(A)
Mn4
(A)
Mn5
(A)
0 1.924(5) 1.854(15) 1.918(12) 1.782(8) 2.322(14)
o 1.924(5) 1.939(13) 1.848(8) 1.782(8) 1.855(10)
0 1.924(5) 1.821(8) 1.848(8) 2.021(8) 1.855(10)
o 1.924(5) 1.821(8) 2.069(13) 2.021(8) 2.306(13)
0 1.908(9) 2.004(10) 1.910(8) 2.153(12) 2.017(10)
o 1.908(9) 2.004(10) 1.910(8) 2.017(10)
Total valence +3.806 +4.017 +3.893 +3.135 +2.916
Bond lengths indicate that the Mn3+ and Mn4+ order on crystallographically 
distinct sites with the Mn3+ occupying the 5 coordinate Mn4 site and the 6 coordinate
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Mn5 site as shown in figure 5.8. The X-ray diffraction patterns of the intercalated 
systems are shown as a function of increasing average manganese oxidation state in 
figure 5.9. There is some shift in peaks observed consistent with changes in the unit cell 
parameters as a result of the intercalation process. It has been reported previously that 
very small changes in lattice parameters can shift many of the peak positions and can 
make it appear as though they either overlap or split as observed here.4 The observed 
disappearance of some peaks between the treated analogues and the parent material, 
Nao.44Mn0 2 , is due to the removal of some of the Mn2 0 3  second phase during acid 
leaching of the sodium site.
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F ig u re  5.9. X-ray d if fra c tio n  p a t t e r n s  f o r  Nao.44Mn02, Nao.17M.nO2, L i0 .5X a0 .n M n O 2 a n d  
Ko.o4Nao. i6MnO2 sh o w in g  p e a k  s p l i t t in g  a s  a  r e s u lt  o f  in c r e a s in g  a v e r a g e  m a n g a n e s e  
o x id a tio n  s ta te  a n d  h e n c e  c h a n g e s  in  la t t ic e  p a r a m e te r s .
138
CHAPTER 5. Nan^uMnO? System.
The data for Nao.i6Mn02 was difficult to refine due to excessive broadening of
some of the peaks due to disorder induced on Na deintercalation, which is recovered on 
intercalation with other alkali metals. The removal of sodium from the ‘s’ shape tunnels 
appears to result in a distortion of the lattice, Lebail refinements were attempted both in 
the orthorhombic Pbam and monoclinic P2 space groups however, due to the poor 
quality of the data neither yielded a particularly good fit. The X-ray data for Nao.i6MnC>2 
showed a likeness to that reported by Doeff et al, however, refinement of the material 
was not undertaken.4 Lattice parameters for Nao.i6Mn02 were determined for 
comparison using the refinement process in the Cellref program and as expected showed 
a decrease in all directions and hence the cell volume. Refinement of the potassium and 
lithium intercalated samples showed preferred orientation problems with changes in the 
apparent intensities of some peaks. The quality of the data was insufficient to refine 
either the fractional occupancies or the thermal parameters, for refinement purposes the 
thermal parameters were set to 0.01 Ui/Ue x 100 and the fractional occupancies were set 
from the EDX results. The refinement data and patterns for Ko.osNao.HMnC  ^ and 
Lio.26Nao.i6Mn02 are given in tables 5.7 and 5.8 and figures 5.10 and 5.11 respectively.
Table 5.7. Final lattice parameters and goodness o ffit parameters derived from the 
Rietveld refinement o f X-ray diffraction ofNao.44Mn02 and intercalated species refined 
in space group Pbam.
Sample a (A) b (A) c(A ) Cell volume
(A3)
%2 WRp
(%)
Rp
(%)
Na 9.11595(23) 26.4125(6) 2.83048(6) 681.510(28) - - -
Treated 8.8888 25.8500 2.7390 629.298 - - -
Li 8.9562(10) 25.647(4) 2.82620(23) 649.18(12) 4.526 13.36 9.92
K 9.3323(11) 25.8225(25) 2.82869(23) 681.67(12) 15.76 17.68 13.10
The removal of sodium from the tunnel sites results in a large drop in cell
volume. This cell volume increases again with intercalation, and as expected is
dependent upon increasing ionic radii of the tunnel species, shown in Figure 5.12. Only
a small change is observed on Li intercalation corresponding to small Li ions having a
limited effect on the Mn-0 framework in contrast to that seen for Na and K. Only a
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small difference is observed in the ni cation site between the Li and K refinements. 
However, a larger difference is observed in the n2 and n3 sites supporting the idea that 
intercalation occurs in the larger ‘s’ shaped tunnels. Bond lengths for Lio.26Nao.i6Mn02 
and Ko.o8Nao.i4Mn02 refinements are given in table 5.9, the bond lengths observed for 
the Mnl and Mn2 sites are a little short resulting in a high valence for the manganese. 
This is due to difficulties in refining accurately the atom positions in these materials as a 
result of distortions occurring during intercalation and possible intergrowths in the 
parent material.
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Figure 5.10. Observed, calculated and difference o f  the Rietveld refinement o f X-ray 
diffraction data o f Lio.26Nao.i5sMn02 in the Pbam space group.
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Figure 5.11. Observed, calculated and difference o f the Rietveld refinement o f  X-ray 
diffraction data fo r Ko.osNao. isMn02 in the Pbam space group.
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Table 5.8. Refined atom positions for Li and K intercalated NaouXlnOz from X-ray 
diffraction at room temperature. Refined in space group Pbam.
Li K
Atom X y z X y z
Mn 0 0.5 0 0 0.5 0
Mn 0.3409(12) 0.30366(38) 0.5 0.4099(11) 0.29969(34) 0.5
Mn -0.0053(11) 0.10646(40) 0 0.0660(10) 0.11036(35) 0
Mn 0.0251(9) 0.31190(37) 0 0.0783(8) 0.30668(35) 0
Mn 0.3415(11) 0.08803(33) 0.5 0.4035(11) 0.09343(28) 0.5
0 0.3599(33) 0.0041(12) 0.5 0.4139(29) 0.0198(10) 0.5
0 0.1773(32) 0.1005(12) 0 0.3253(35) 0.0967(11) 0
O -0.0246(37) 0.1561(13) 0.5 0.0096(33) 0.1844(12) 0.5
O 0.4491(34) 0.1668(11) 0.5 0.4581(29) 0.1772(10) 0.5
O 0.1647(35) 0.2972(13) 0.5 0.2239(31) 0.2985(13) 0.5
O 0.4404(39) 0.2579(11) 0 0.4562(33) 0.2660(12) 0
0 0.3211(37) 0.3555(10) 0 0.4227(34) 0.3364(14) 0
O 0.4512(33) 0.0599(12) 0 0.5030(37) 0.0768(11) 0
O 0.4751(36) 0.4166(11) 0.5 0.6321(31) 0.4049(10) 0.5
Na 0.2347(25) 0.1794(10) 0 0.2302(24) 0.1420(8) 0
Li/K 0.318(16) 0.419(6) 0.5 0.3285(35) 0.3807(11) 0.5
Li/K 0.12(17) 0.008(6) 0 0.1420(15) -0.0183(5) 0
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Figure 5.12. Plot of cell volume Vs ionic radii of tunnel cation.
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Table 5.9. Bond lengths for Lio.26Nao.i6MnO2  and Ko.o^Xao.uMn02 from the Rietveld 
refinement o f  room temperature X-ray diffraction data refined in the Pbam space group.
Li Mnl Mn2 Mn3 Mn4 Mn5
(A) (A) (A) (A) (A)
O 1.891(19) 1.580(34) 1.714(27) 1.674(17) 2.163(30)
O 1.891(19) 1.599(29) 1.905(22) 1.674(17) 2.004(22)
0 1.891(19) 2.056(22) 1.905(22) 1.925(22) 2.004(22)
O 1.891(19) 2.056(22) 1.834(29) 1.925(22) 2.212(28)
0 1.574(31) 1.956(18) 1.552(13) 1.916(29) 1.886(20)
O 1.574(31) 1.956(18) 1.552(13) 1.886(20)
K Mnl Mn2 Mn3 Mn4 Mn5
(A) (A) (A) (A) (A)
O 1.706(14) 1.716(19) 2.445(33) 1.852(18) 1.594(17)
O 1.706(14) 1.716(19) 2.437(27) 1.852(18) 1.594(17)
O 1.706(14) 1.716(19) 2.437(27) 1.972(20) 2.223(24)
O 1.706(14) 1.737(27) 1.917(33) 1.972(20) 1.746(21)
O 1.983(30) 1.707(22) 1.592(15) 2.196(20) 1.746(21)
0 1.983(30) 1.707(22) 1.592(15) 2.533(30)
§.2.2.4. Magnetic properties.
Magnetic data were collected between 5 and 300K for all samples in both field cooled 
and zero field cooled measurements. Nao.44Mn0 2  shows a broad low dimensional 
antiferromagnetic peak with a Tn of approximately 16K. This is contrary to the data 
published by Parant et al who reported no order of magnetism, however, the transition 
temperature is below the range studied by these authors.2 Jeong et al reported the 
Nao.5oMnC>2 phase to have a Tn of approximately 30K.7 This difference in the observed 
Neel temperature can be explained by changes in the average manganese oxidation state 
as a result of differing amounts of cation present in the tunnels and demonstrates the 
sensitivity of the magnetic system with Mn oxidation state. This observation confirms
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the lower than expected sodium content observed in the EDX analysis. A Curie-Weiss 
plot of the paramagnetic region (150-300K) yields a straight line. The Weiss constant, 
Curie constant, calculated and observed magnetic moments are given in table 5.10 and 
are in good agreement with those previously published. Figure 5.13 shows the 
anti ferromagnetic transition and the Curie-Weiss fit to the paramagnetic region (150- 
300K).
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Figure 5.13. Field cooled (FC) magnetic susceptibility for Nao.44MnC>2 showing a 
maxima at 16K indicative o f antiferromagnetic ordering; inset shows the Curie-Weiss 
behaviour.
Nao.i6Mn0 2  exhibits a sharper antiferromagnetic peak with a Tn of
approximately 45K, with the appearance of a Curie tail below the transition
temperature. This confirms the structural disorder in the framework as a result of
removing the sodium from the tunnels; this is possibly due to the non uniform removal
of the sodium and the consequent change in average manganese oxidation state resulting
in changes in the Mn3+ and Mn4+distribution around the framework and hence affecting
the antiferromagnetic exchange.
The effect of intercalation of both Li and K into the tunnel sites increases the
amount of disorder resulting in increasing paramagnetic character with increasing ionic
radii, showing many of the spins are not involved with the magnetic transition. All
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samples exhibit a negative Weiss constant typical of antiferromagnetic materials. 
However, in the case of potassium only a slight shoulder can be observed at a Tn of 
approximately 40K. The calculated, observed magnetic moments, the Weiss constant 
and the Curie constant, are given in table 5.10. Whilst, this increasing paramagnetic 
character is illustrated in figure 5.14.
Table 5.10. Curie constant, Weiss constant, observed and calculated magnetic moments 
fo r  Nao.44Mn0 2  and all intercalated species.
Sample Molecular
Weight
C
(Kerg/G2mol)
0(K) Tn/Tc
(K)
P eff
(P b)
Mcalc
(I^b )
N a o .3 6 M n 0 2 95.7368 2.122(1) -208(2) 16 4.11 4.23
N a o .n M n C h 91.2649 1.59(1) -154(3) 45 3.57 4.04
L io .2 6 N a o . i6 M n 0 2 94.8668 2.292(4) -164(1) 20 4.28 4.30
K o .o 8 N a o . i4 M n 0 2 94.1133 13.3(1) -495(3) 40 10.43 4.09
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Figure 5.14. Magnetic susceptibilities observed as a result o f intercalation o f  
Nao.44Mn0 2  showing the increasing paramagnetic character.
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5.2.2.5. Transport Properties.
Resistivity information for Nao.44Mn02 was collected using the 4-point DC method 
down to 150K using a 0.001mA current. Below this temperature the resistivity was 
higher than is possible to measure with the equipment used. An exponential decrease of 
resistance with increasing temperature was observed, indicative of thermally activated 
conduction and semiconducting properties (figure 5.15). The band gap was calculated to 
be 0.18eV.
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Figure 5.15. Resistivity as a function o f temperature for Nao,44Mn02-
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Figure 5.16. Arrhenius plot o f In conductivity Vs 1/temperature for Nao.44Mn02-
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5.2.2.6. Removal of the Intercalated Tunnel Species.
The removal of the intercalated potassium from within the tunnels by acid leaching of 
the material was attempted. This appeared to result in no removal of either the Na or K 
from these sites, as seen in the X-ray analysis of the two materials, which showed no 
significant difference in the lattice parameters (Figure 5.17). EDX results confirmed 
that a negligible amount of cations was removed giving an overall composition of 
Ko.o7Nao.i3Mn02 compared to that of the parent material, Ko.osNao.wMnCh. Though it 
can be seen from the reflections at high angle that there is a certain loss of long range 
structural order, this implies that the intercalation of K is irreversible in contrast with 
the smaller alkali metals 
7000 
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S ' 5000c
-e 4000 
<
|  3000
3
O 2000 
1000 
0
Figure 5.17. X-ray diffraction patterns for Ko.o8Nao.i4Mn02 and the acid leached 
material showing negligible changes in lattice parameters and loss o f long range 
structural order.
5.3. Doping of the Mn Framework Sites with Fe.
5.3.1. Synthesis
A new series with the formula Nao.44Mni_xFexC>2, where x = 0.11, 0.13 and 0.15, was
prepared in a similar procedure to the parent system. Stoichiometric ratios of NaCC>3,
Fe2C>3 and were ground together using an agate pestle and mortar to thoroughly
mix the starting materials before being transferred to a furnace at 700°C in air for 2-3
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days. A slight excess of Na2CC>3 was employed to minimize the possible formation of a 
manganese oxide second phase due to the loss of sodium during the reaction. The X-ray 
analysis showed an increasing amount of a second phase with increasing Fe content. 
This second phase was readily identifiable as Fe2C>3 hematite. Whilst this is negligible in 
the 11% iron material this grows steadily in the other materials suggesting that the 
maximum level of doping is around 11%, consistent with the data observed for the 
doping of the framework sites with Cu.12 The sodium was removed from the tunnel site 
in Nao.44Mno.89Feo.11O2 by stirring the material with a solution of approximately 1M, 
HC1 overnight at room temperature as done for Nao.44Mn02.8
5.3.2. Results and Discussion. 
5.3.2.1. EDX.
EDX analysis confirmed the presence of iron in these materials with an increasing Fe 
content observed, consistent with the increasing amount of iron oxide second phase 
shown by x-ray analysis. EDX results for the 11% Fe sample gives a composition of 
Nao.440(4)Mno.89(i)Feo.i60(2(02. It is worth noting that unlike the 100% manganese material 
the sodium content is not low. Upon treatment with acid it is possible to remove some 
of the sodium from within the larger ‘s’ shaped tunnel. A composition of 
Nao.2oo(2)Mno.89(i)Feo.i30(i)O2 is observed, commensurate with our previous studies. A 
loss of iron is also observed; X-ray analysis shows the removal of some of the Fe2 0 3  
second phase due to dissolution in the acid.
5.3.2.2. Thermal Analysis.
Table 5.11 gives the decomposition routes for Nao.44Mn02 and Nao.44Mno.89Feo.11O2 . 
Sample Nao.44Mno.89Feo.11O2 undergoes a three step decomposition compared to the two 
step decomposition observed for Nao.44Mn02 this is illustrated by Figure 5.18. Unlike 
Nao.44Mn0 2 , the first step can be attributed to loss of water from the surface of the 
materials and is marked by a weight loss of 1.717%. This is followed by weight losses 
of 1.781% and 2.006%, X-ray analysis of the residue remaining after TGA analysis is 
readily identifiable as Nao.44Mn(>2 , Mn2C>3 and Fe2C>3 suggesting that the material 
decomposes to form more stable oxides. This material also shows a decrease in thermal
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stability relative to Nao.44Mn0 2  and is more similar to those obtained by intercalation of 
the tunnel site. This is due primarily to the change in the average manganese oxidation 
state from a relatively stable +3.56 to +3.23 due to the presence of Fe3+.
Table 5.11. Decomposition routes and percentage weight loss for Nao.44MnC>2 and its 
Nao.44Mno.89Feo.11O2 in an inert atmosphere o f nitrogen.
Sample 1st Decomposition 2nd Decomposition 3 rd Decomposition
onset endset %Wt onset endset %Wt onset endset % Wt
(°C) (°C) loss (°C) (°C) loss (°C) (°C) loss
~~Mn 305.33 422.79 0.545 682.43 867.45 1.522
Mn/Fe 65.75 112.30 1.717 357.16 520.57 1.781 637.44 843.85 2.006
DSC
mW
TGA
- Weight Loss -0.160mg 
-1.717%
5.0C
100.00
Weight Loss -0.166mg 
-1.781%
o.oc
95.00
Weight Loss -0.187mg 
-2.006%
-5.0C
90.00
0.00 200.00 600.00 800.00 1000.00400.00
Temp [C]
Figure 5.18. TGA/DSC traces showing the three step decomposition route and 
percentage weight losses for Nao.44fdno.89Feo.11O2  in an inert atmosphere o f nitrogen.
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5.3.2.3. Diffraction.
The X-ray diffraction patterns of Nao.44Mn02 and the 11% Fe sample show a clear shift 
in peaks due to significant change in lattice parameters. Table 5.12 gives the lattice 
parameters for both Nao.44Mn02 and Nao.44Mno.89Feo.11O2 for ease of comparison. A 
small reduction in cell volume is observed due to the slightly smaller ionic radii of Fe. 
The refinement data and patterns are given in table 5.13 and figure 5.19 respectively and 
show good correlation to those reported previously and those discussed here.
Table 5.12. Final lattice parameters and goodness o f fi t parameters for Nao.44Mn02, 
NaoMFeo. 1 jMno.8902  and acid treated Nao.44Feo,i jMno,8902 refined in space group Pbam.
Sample a (A) b(A) c (A) Cell
volume
(A3)
Nao.44M n02 9.11595(23) 26.4125(6) 2.83048(6) 679.19(6)
Nao.44Mno.89Feo.11O 2 9.1016(9) 26.2634(24) 2.82793(19) 675.98(10)
Nao.20Mno.89Feo.11O 2 9.0834(11) 25.310(4) 2.83186(31) 651.04(14)
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Figure5.19. Observed, calculated and difference fo r the Rietveld refinement o f room 
temperature X-ray diffraction data for Nao.44Mno.89Feo.i 1O2 in the space group, Pbam.
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Table 5.13. Refined atom positions, thermal parameters and fractional occupancies 
from X-ray diffraction data for Nao.44Feo.11Mno.8 9O2  refined in space group Pbam. 
Goodness offit factors, — 11.19, wRp = 17.11% and Rp = 12.48%.
Atom VA y z Fractional
occupancy
Mnl 0 0.5 0 1.00
Mn2 0.3784(13) 0.3091(5) 0.5 1.00
Mn3 0.0162(13) 0.1111(4) 0 1.00
Mn4 0.0287(9) 0.3058(4) 0 1.00
Mn5 0.3573(11) 0.0918(4) 0.5 1.00
01 0.3596(36) -0.0011(16) 0.5 1.00
02 0.2142(32) 0.0891(13) 0 1.00
03 0.1079(40) 0.1648(13) 0.5 1.00
04 0.4037(35) 0.1790(16) 0.5 1.00
05 0.1509(36) 0.2895(15) 0.5 1.00
06 0.4577(33) 0.2721(12) 0 1.00
07 0.3199(42) 0.3497(13) 0 1.00
08 0.5209(34) 0.0808(13) 0 1.00
09 0.4964(43) 0.4424(14) 0.5 1.00
Nal 0.1912(32) 0.2189(16) 0 0.64
Na2 0.2201(25) 0.4120(11) 0.5 0.84
Na3 0.1343(50) -0.0046(21) 0 0.50
Due to the similarities in scattering power, Fe and Mn could not be distinguished 
from X-ray diffraction data. Lattice constants are given in table 5.12, the removal of the 
sodium from within the tunnels again results in a marked decrease in cell volume 
consistent with that observed for Nao.44MnC>2 . The refinement data and plot is given in 
table 5.15 and figure 5.20 respectively.
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Table 5.14. Bond lengths from the Rietveld refinement o f X-ray diffraction data for 
Nao.44Mno.89Feo.uO2 refined in the Pbam space group.
Mnl
(A)
Mn2
(A)
Mn3
(A)
Mn4
(A)
Mn5
(A)
0 1.906(22) 2.2(4) 1.892(27) 1.858(21) 2.44(4)
0 1.906(22) 2.133(30) 2.164(22) 1.858(21) 1.924(19)
0 1.906(22) 1.861(21) 2.164(22) 1.849(20) 1.924(19)
0 1.906(22) 1.861(21) 2.061(32) 1.849(20) 2.33(4)
0 2.132(35) 1.850(25) 2.003(25) 2.145(32) 2.074(23)
0 2.132(35) 1.850(25) 2.003(25) 2.074(23)
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Figure 5.20. Observed, calculated and difference for Rietveld refinement of room 
temperature X-ray diffraction data for acid treated Nao.20Feo.11Mno.89O2 refined in the 
Pbam space group.
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Table 5.15. Refined atom positions, thermal parameters and fractional occupancies 
from the Rietveld refinement o f X-ray diffraction data for acid treated 
Nao.44Mno.89Feo.11O2  refined in space group Pbam. Goodness offit factors, — 8.618,
wRp = 17.21% and Rp = 12.95%.
Atom X y z Fractional
occupancy
Mnl 0 0 . 5 0 1.00
Mn2 0.4099(23) 0.3090(8) 0.5 1.00
Mn3 0.0358(16) 0.1085(7) 0 1.00
Mn4 0.0272(18) 0.3099(9) 0 1.00
Mn5 0.3753(14) 0.0926(9) 0.5 1.00
01 0.427(4) -0.0148(22) 0.5 1.00
02 0.241(4) 0.1081(24) 0 1.00
03 0.058(7) 0.1524(23) 0.5 1.00
04 0.279(5) 0.0844(30) 0.5 1.00
05 0.124(6) 0.3036(32) 0.5 1.00
06 0.366(5) 0.2719(19) 0 1.00
07 0.403(5) 0.3892(2) 0 1.00
08 0.510(5) 0.0782(17) 0 1.00
09 0.526(5) 0.4190(20) 0.5 1.00
Nal 0.090(7) 0.2948(42) 0 0.49(5)
Na2 0.243(4) 0.3169(20) 0.5 0.83(5)
Na3 0.243(4) 0.0099(24) 0 0.50(5)
5.3.2.4. Magnetic properties.
The ZFC/FC magnetic susceptibility measurements of Nao.44Feo.11Mno.89O2 and 
Nao.20Feo.11Mno.89O2 are shown in figure 5.21 and figure 5.22. Both measurements show 
a slight hump at high temperature (~250K), which is due to the Fe2 0 3  impurity. The 
Curie-Weiss plot of the paramagnetic region is given in the insert of figure 5.21, and the 
Curie constants and observed magnetic moments are given in table 5.17 and are in good 
agreement with those calculated.
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Figure 5.21. Field cooled (FC) magnetic susceptibility showing maxima at low 
temperature ofNao.44FeonMno.89O2: inset shows Curie-Weiss behaviour.
Table 5.16. Curie constants, Weiss constant, observed and calculated magnetic 
moments for Nao.44Mn02, Nao.44Feo.jjMno.89O2 and Nao.20Feo.nMno.89O2.
Sample C
(Kerg/G2mol)
0
(K)
T n / T c
(K)
Reff
(R b )
Mcalc
(R b )
Nao.44MnC>2 2.122(1) -208(2) 16 4.11 4.23
Nao.44Feo.11Mno.89O2 2.38(1) -217(9) 2 0 4.37 4.98
Nao.2oFeo.i iMno.8 9 0 2 2.83(6) -213(9) 50 4.76 4.88
Both materials show maxima at low temperature at a similar temperature to a 
divergence between the ZFC and FC measurements, indicative of spin glass behaviour, 
commensurate with the variation of exchange energies caused through the different 
transition metal ions (Mn3+, Mn4+ and Fe3+) as well as the disorder caused through the 
Na ions intercalated.
190
185
180
O170
165
160
155
160 170 180 190 200 210 220 230
Tem perature (K)
t— 1— 1— 1— |— 1— 1— 1—1— |— 1— 1— 1— 1— |— i— 1— 1— 1— |— 1— 1—1— 1— |— 1—1— 1— r
153
CHAPTER 5. NanaaMnO? System.
FC
0 .0 2 -
ZFC
'—O
E 0.015-CN
b05
0.01 -
0.005
0 50 100 150 200 250 300
Temperature (K)
Figure 5.22. Magnetic susceptibility showing low temperature maxima and divergence 
between zero field  cooled (ZFC) and field  cooled (FC) measurements indicative o f a 
spin glass and Curie-Weiss behaviour o fNao.20Feo.uMnu.89O2.
5.6. Conclusions.
The framework structure of Nao.44Mn02 is complex, containing two crystallographic 
distinct manganese sites. This material has attracted the most attention as a possible 
cathode material for lithium batteries, primarily because not only does it exhibit 
excellent capacities and retention on cycling but it also does not decompose to spinel 
type materials on charging and discharging. Little work has been reported on the 
magnetism and the effects of doping and average manganese oxidation state on the 
ordering in this material. We have shown that it is possible to remove the template ion 
and to intercalate different species into the larger ‘s’ shaped tunnels and that selectivity 
decreases as a function of increasing ionic radii of the intercalated species. However it 
can also be shown that retention of the intercalated species increases with increasing 
ionic radii.
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Changes in the average manganese oxidation state of this material have a
significant effect on the observed magnetism due to increased disorder. In contrast,
doping the framework with another transition metal has little effect on the observed
magnetism, though upon removal of some of the template ion the magnetism changes
significantly. The possibility of intercalation of these framework doped materials exists
which, would further change the observed magnetism and electronic structure.
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CHAPTER 6: Layered Systems.
6.1. Introduction.
Many layered manganese oxides have been reported to date with interlayer gaps ranging 
from 4A up to 10A in burserite.1 All these materials have layers built up of MnC>2 
sheets, and the size of the interlayer gap is a result of the method employed and the size 
of the template ion used in their preparation. Materials with the a-NaMnC>2 and p- 
NaMnC>2 structures were first reported by Parant et al in 1971,2 with further details 
described by Mendiboure et al? More recently, the applicability of a-LiMnCh for 
lithium batteries was investigated. Preparations of this material have been achieved in 
two ways, firstly by solid state reaction of alkali metal carbonate with manganese oxide 
and secondly by ion exchange of a-NaMn02 with LiCl.4'7 It has been reported that the 
Jahn-Teller effect of the Mn3+ ion affects the stability of the cell on electrochemical 
intercalation/deintercalation and original layered structure is converted to Li spinel, 
giving poor cycling properties.8
Conducting polymers, such as polyaniline have attracted a great deal of attention 
recently due to their promising electrical properties and their potential applications in a 
variety of devices, such as electrochromic displays and sensor devices.9 This has led to 
the design and synthesis of nanocomposite materials that exhibit desired properties by 
achieving complementary behaviour between the polymer and the inorganic host 
lattice.10 This ‘encapsulation’ of the polymer can offer many advantages, for example 
by inhibiting interchain defects which affect conjugation and hence the conduction 
properties.11 Additionally, the inorganic host can offer enhanced mechanical, thermal 
and chemical stabilities.
Many authors have studied the intercalation of conducting polymers into the 
channels of zeolites in particular zeolite Y and mordenite.12-21 Monomers are initially 
intercalated into the framework and then polymerisation is achieved by treatment with 
an oxidant. The degree of chain oxidation and chain lengths are therefore influenced by 
the dimensionality of the zeolite channels.16 Polyacrylonitrile when encapsulated in 
zeolite shows good conduction and the resulting material exhibits a semiconductor to 
metal transition in the temperature range of 70-15OK.14 Polymerisation of simple 
alkynes within modified MCM-41 shows complete filling of the mesopores for 
polyethyne and polypropyne, producing a material with a high content of low defect
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polymer.22 It is also possible to recover polymer from the zeolite channel by dissolution 
of the zeolite.17,18
The intercalation of polymers into layered frameworks such as FeOCl has also 
been studied extensively, using pyrrole, aniline and thiophene to incorporate into the 
interlayer gap.9,23'26 The polymers can be removed by dissolving the FeOCl in acid and 
it has been shown that whilst the resulting polymer has a much smaller molecular 
weight than the bulk prepared polymer, they show a narrower length distribution. 
Conduction and magnetic studies show that the FeOCl host lattice dominates these 
properties. Water soluble polymers have been intercalated into V 2O 5.27 Other systems 
studied include LnOCl, where Ln is Ho, Er, Tm, Yb, M0 S2 and RuCb.28-31
6.2. Synthesis.
Stoichiometric ratios of Na2C0 3  and Mn20 3  were ground together using an agate pestle 
and mortar. The mixture was then pressed into pellets, transferred to a furnace and 
heated under flowing oxygen at 850°C and 780°C to obtain the beta and the alpha phase 
respectively.2 The samples were confirmed to be single phase using a Siemens D500 X- 
ray diffractometer. An insertion study was conducted by treating the as-prepared a- 
NaMn02 and P-NaMn02 samples with Lil, KOH, NH4I, Csl and Cul2, based on the 
equation given in 6.1. All samples were stirred overnight at room temperature in 
acetonitrile.32
xLil + NaMn02 —» V2 xl2 + LixNai.o.yMn02 -(6.1)
All reactions were done with an excess of metal iodide and iodine was liberated 
instantaneously in the reactions with the a-NaMn02, with the exception of KOH. 
Treatment of the (3-NaMn02 phase with these iodides showed no iodine liberation 
except with N H 4I, suggesting that intercalation did not take place.
Todorokite was prepared as reported by Suib et al, from the layered compound 
bimessite.33,34 A 200ml solution, labelled solution A, was prepared as 20mmol of 
KMn0 4  in a NaOH solution with a final concentration of 4M. A second solution 
labelled B was prepared from 57 mmol of MnCl2-4H20  and 20mmol of MgSCV7H2C) in 
300ml of distilled water. Mg2+ is required for thermal stability. Solution B was then 
added to solution A dropwise over a period of approximately 10 minutes The solution
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was then left vigorously stirring for 1 hour. The resulting suspension is then aged for 4 
days at room temperature. The sample was then filtered and washed until the pH was 
about 7. The birnessite product was then autoclaved at 160°C for 48 hours to convert 
the layered species to the tunnel material, todorokite.
Intercalation of pyrrole and aniline into the interlayer space was done by stirring 
at room temperature overnight and by refluxing with pyrrole/aniline at 60°C for 24 
hours. The water was removed from the todorokite by heating the sample in an inert 
atmosphere of nitrogen prior to reaction with the polymer.
Intercalation of a-NaMnC>2 was achieved by stirring the material with an excess 
of aniline or pyrrole at room temperature, in air for 2-3 days. The subsequent solution 
was filtered and washed with distilled water before being dried at room temperature 
overnight.
6.3. Results and discussion
6.3.1. (X-NaMnOz/P-NaMnOi
6.3.1.1. Structure
Both alpha and beta have layered structures but whereas a-NaMn02 is made up of 
Mn(> 2  sheets built up of edge sharing Mn06 octahedra, in P-NaMnCh the MnC>2 sheets 
are constituted of a double stack of edge-sharing MnC>6 octahedra. In both structures the 
Na ions occupy octahedral sites within the interlayer space. (Figure 6 .1)3
(a)
N. V V V  V \  v  V
m a m m m
u w u  v_v V
m m m m
Figure 6.1. Schematic representation o f (a)ot-NaMn02 and (b) fl-NaMn02, where the 
pink squares represent the MnOt, octahedra and the yellow spheres are the sodium 
cations.
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On initial synthesis a pure single phase o f both a-NaMn0 2  and p-NaMnC>2 is 
produced. However, a-NaM n0 2  was found not to be stable with time and exposure to 
air over a timescale of several weeks. The a-NaMnCh was found to decompose to a- 
Nao.70MnO2.05, a similar layered structure, though no further evidence of the hydration 
o f this phase to layered birnessite was observed.35 These two structures differ such that 
a-Nao.70MnO2.05 exhibits ABBA oxygen stacking with the sodium occupying a 
prismatic site within the layers, whilst the a-NaMn0 2  has ABCABC oxygen stacking 
with the sodium occupying octahedral sites between the layers.3 Figure 6.2  shows the 
complete conversion of a-NaMn02 to a-Nao.70MnO2.05.
1.2 104
1 104
w
c 8000D
.Q
< 6000
c:D0 4000
0
2000
0
Figure 6.2. X-ray traces showing growth of the a-Nao.70MnO2.05 phase, (a) X-ray taken 
after a few months, showing increase in peak at -16°. (b) Shows almost complete 
conversion of a-NaMn0 2  phase into a-Nao.70MnO2.05: inset shows the pure a-NaMn02 
phase.
The refinement of both X-ray and neutron diffraction proved difficult due to the 
presence of stacking faults and intergrowths. This is especially true for a-NaMn02 
where the presence of aNao.7Mn0 2  not only results in extra peaks but also affects the
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peak intensities. Furthermore, as has been observed with other tunnel and layered 
structures the X-ray data for both phases shows preferred orientation along the [111] 
axis for a-NaMnC>2 , and the [200] axis for |3-NaMn02. Refinement fit data are given in 
tables 6.1 and 6.2; the refinement patterns are given in figure 6.3 through 6.6 for a- 
NaMnC>2 and (3-NaMn02, respectively.
Table 6.1. Goodness offit data for the Rietveld refinement o f neutron data at 50K and 
room temperature X-ray diffraction measurements o f a-NaMn02 and /3-NaMn02.
x2 wRp (%) Rp (%)
Alpha (Neutron) 14.85 5.72 4.52
Alpha (X-ray) 2.150 27.05 20.12
Beta (Neutron) 17.74 8.35 5.35
Beta (X-ray) 13.14 17.86 12.61
28
24
■f 20
-a 16 
<
wT 12■4—»
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o
4
0
Figure 6.3. Observed, calculated and difference for the Rietveld refinement o f 5OK
neutron data for a-NaMn02 refined in the C 2/m space group.
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Figure 6.4. Observed, calculated and difference fo r the Rietveld refinement o f room 
temperature X-ray diffraction data for a-NaMn02 refined in the C 2/m space group.
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Figure 6.5. Observed, calculated and difference for the Rietveld refinement o f 5OK 
neutron diffraction data fo r (5-NaMn02 refined in the Pmmn space group.
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Table 6.2. Final parameters derived from the Rietveld refinement o f 50K neutron 
diffraction and room temperature X-ray diffraction measurements for a-NaMn02 and 
P-NaMnC>2 .
Alpha
(Neutron)
Alpha
(X-ray)
Beta
(Neutron)
Beta
(X-ray)
a (A) 5.63888(29) 5.6739(7) 4.74554(11) 4.7835(4)
b(A) 2.85747(9) 2.85981(33) 2.85538(5) 2.85619(26)
c(A ) 5.77076(27) 5.7991(10) 6.31945(19) 6.3274(6)
P 112.8540(29) 113.138(7) 90 90
Cell Vol (A3) 85.684(7) 86.529(21) 85.631(4) 86.449(14)
Mn x 0 0 0.25 0.25
y 0 0 0.25 0.25
z 0 0 0.704(4) 0.6133(13)
Uiso x 100 5.27(27) 0.1 19.1(9) 0.1
01 x 0.2924(7) 0.3109(28) 0.25 0.25
y 0 0 0.75 0.75
z 0.7912(7) 0.7947(34) 0.8691(2) 0.9065(35)
Uiso x 100 2.87(14) 0.1 2.81(20) 0.1
02  x 0.25 0.25
y 0.75 0.75
z 0.4153(7) 0.3489(34)
Uiso x 100 1.79(20) 0.1
Na x 0 0 0.25 0.25
y 0.5 0.5 0.25 0.25
z 0.5 0.5 0.179(29) 0.1270(17)
Uiso x 100 9.5(4) 0.1 5.1(4) 0.1
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Figure 6.6. Observed, calculated and difference for the Rietveld refinement o f room 
temperature X-ray diffraction data fo r J3-NaMn02 refined in the Pmmn space group.
EDX data were collected for both these materials, and confirmed the Na:Mn 
ratio of approximately 1:1 for the beta phase giving a formulae of Nai.07(i)MnO2 . 
However a slightly higher Na:Mn ratio was observed for the alpha phase, giving a 
formula of Nai.22(2)Mn02, which can be attributed to additional Na in the layers. The 
thermal analysis of a-NaMnCh material showed a three step decomposition in an inert 
atmosphere of nitrogen, whilst |3-NaMn02 exhibited a two step route. X-ray analysis of 
the residues could be identified as the thermodynamically stable Nao.44Mn02. Table 6.3 
gives the decomposition temperatures and percentage weight loss for both a-NaMnCh 
and (3-NaMn02. In both structures the first weight loss is attributable to loss of surface 
water (Equation 6.2). The second weight loss can be explained by loss of O2 as the 
layered phase breaks down to Nao.44Mn02 and Mn2 0 3  as given by equation 6.3. The 
TGA traces are given in figures 6.7 and 6.8 for a-NaMn02 and (3-NaMnC>2 respectively.
NaMn02*xH20  -> NaMn02 + xH2OT -(6.2)
NaMnC>2 —> xNao.44MnC>2 + yMn2C>3 + ZO2T -(6.3)
1 _  1 , .  1 .
Observed
Calculated
Difference
. A. . .
X  _  ^ J
1 1 1 I I  1
1 1 1 1 1 1 1 1 I 1 1 1
v  —  ■
I I  IV III 1 I I  I I  1 II II III II 
1 ■] 1 1 1 1 | 1 -1 1 r | 1 1 1 1
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Table 6.3. Decomposition routes and percentage weight losses for a-NaMn02 and f -  
NaMnC>2.
1 st decomposition 2nd Decomposition 3 rd Decomposition
onset endset %Wt onset endset %Wt onset endset %Wt
(°C) (°C) loss (°C) (°C) loss (°C) (°C) loss
Alpha 32.50 124.60 1.675 456.06 599.26 1.924 663.53 759.17 0.572
Beta 41.41 81.89 0.571 416.33 621.25 1.787
Weight Loss -0.208rng 
-1.675%
Weight
Weijjtt Loss -0.071 mg 
-0.572%
Figure 6.7. TGA trace showing a three step decomposition route and percentage weight 
losses for a-NaMn0 2  in an inert atmosphere of nitrogen.
Weight Loss -0.061 mg 
-0.571%
Weight Loss -0.191mg 
-1.787%
600.00
Ten* |C1
Figure 6.8. TGA trace showing a two step decomposition route and percentage weight 
losses for J3-NaMn02 in an inert atmosphere of nitrogen.
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The intercalation chemistry of these layered systems has been considered by
many authors particularly battery technology .5’7,8’36'37 Contrary to the data reported by 
Omomo et al and the phenomena seen in the tunnel type structures, it proved not 
possible to leach the Na from the interlayer space.38’39 X-ray analysis of such 
experiments showed that the crystalline structure had collapsed to an amorphous phase. 
It can be seen from figure 6.9 that the Na environment in P-NaMnC>2, is more restrictive 
than that in the a-NaMn0 2  form suggesting that intercalation of the alpha form should 
be possible whilst intercalation of the beta form will be difficult if not impossible. The 
a-NaMnC>2 contains a layer of Na+ in contrast to the two Na/O layers in P-NaMnCb. 
This repulsive Na+-Na+ interaction will promote the separation of layers and allow guest 
ions or molecules to intercalate.
The intercalation of cations into the alpha phase results in an increased 
separation of the layers. X-ray diffraction showed that this reaction causes a 
transformation from aNaMnC>2 to the monoclinic layered birnessite structure, as shown 
in figure 6.10. Table 6.4 gives the refined lattice parameters for the intercalated species 
(Figures 6.11 to 6.15).
(a) (b)
3.591 A
5.770A
*  C 4  C
6.313A
Figure 6.9. Ball and stick representation of (a)a-NaMnC>2 and (b)fi-NaMn02 showing 
sodium packing, where the pink atoms are the manganese ions, red are the oxygen and 
yellow are the Na cations.
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Figure 6.10. Room temperature X-ray diffraction traces for 0t-NaMn02 and intercalated 
species showing the increased layer separation as indicated by the [001] peak at ~16° 
two theta belonging to the bimessite phase.
Table 6.4. Final lattice parameters for the Lebail extractions of the X-ray diffraction 
data for the Intercalated a-NaMnOz species refined in the C 2/m space group.
a
(A)
b
(A)
c
(A)
P Cell
Vol (A3)
x 2
Li 5.2202(8) 2.8478(5) 7.2422(8) 103.780(15) 104.563(28) 3.602
K 5.1668(7) 2.8465(5) 7.1705(11) 100.634(21) 103.646(30) 10.56
Cu 5.1829(10) 2.8446(6) 7.3297(10) 103.502(13) 105.15(4) 13.12
Cs 5.2019(6) 2.85264(32) 7.1962(13) 103.502(13) 103.8314(26) 10.54
NH4 5.170(5) 2.8616(23) 7.3367(33) 103.16(7) 105.70(14) 4.686
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Figure 6.11. Observed, calculated and difference of the Lebail fit o f the room 
temperature X-ray for a-NaMn02 after intercalation with lithium in the C2/m space 
group.
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Figure 6.12. Observed, calculated and difference o f the Lebail fit o f the room 
temperature X-ray for a-NaMnOz after intercalation with potassium in the C2/m space 
group.
Observed
Calculated
Difference
Observed
Calculated
Difference
168
CHAPTER 6: Layered Systems.
1.4 10
Observed
Calculated
Difference
.2 104 -
8000 -
6000-
4000-
2000 -
10 20 30 40 50 60 70
2 Theta (degrees)
Figure 6.13. Observed, calculated and difference o f the Lebail fit o f the room 
temperature X-ray for 0 C-NaMnO2 after intercalation with copper in the C2/m space 
group.
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Figure 6.14. Observed, calculated and difference o f the Lebail fit o f the room 
temperature X-ray for a-NaMnO2 after intercalation with caesium in the C2/m space 
group.
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Figure 6.15. Observed, calculated and difference o f the Lebail fit o f the room 
temperature X-ray for a-NaMn0 2  after intercalation with NH4 in the C2/m space group.
On intercalation there is a large increase in cell volume as the interlayer space is 
increased to approximately 7A giving similar cell dimensions to bimessite.33’40 EDX 
results are given in table 6.5. It is interesting to note that, as with the intercalation of 
other tunnel/layered species the amount intercalated is dependent upon the ionic radii of 
the intercalated species, despite the guest species having more available space as the 
layers can widen to accommodate, unlike the tunnel structures (Figure 6.16).
(a) (b)
* Na O c *
’  u  .  nh4 Cs *
7-
2
I 65S.
-°
1 NHC u . < 6-
• Li
• K Cs*
5 5
» Na
3.6 0.8 1 1.2 1.4 1.6 1 8 6 0.8 1 1.2 1.4 1.6 1.
Ionic Radii (A)
Ionic Radii (A)
Figure 6.16. (a) Cell Volume and (b) lattice parameter c (interlayer gap) as a function 
o f ionic radii.
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Table 6.5. Results obtained by EDX for the chemical composition o f intercalated a- 
NaMnC>2.
Sample EDX data
Li into a-NaMn02 No data
K into a-NaMnC>2 Ko.i40(i)Nao.o2oo(i)MnC>2
N H 4  into a-NaMn02 No data
Cu into a-NaMn02 Cuo.240(2)Nao.4oo(4)Mn02
Cs into a-NaMn02 Cso.o6oo(6)Nao.350(4)Mn02
The intercalation of |3-NaMn02 with Li, Cu and Cs yielded no reaction as 
expected. However treatment of the beta phase with KOH and N H 4 I resulted in the 
observation of an alternative phase whereby the layers appear to be separated by a larger 
gap than in birnessite phase seen in the intercalation of the alpha phase with the X-ray 
traces similar to those observed for burserite. It can be suggested that the larger gap 
observed is as a result of the double stack of Mn02 sheets remaining intact (Figure 
6.17). The lattice parameters of the new phases were refined using the burserite model 
in orthorhombic symmetry using the Celref program and are given in table 6.6. EDX 
data were collected for the potassium intercalated species, and whilst the results show 
only a negligible intercalation of K they do show a marked decrease in the amount of 
intercalated Na, implying an ion exchange reaction has taken place rather than redox 
type intercalation. Since the intercalation of either smaller cations such as Li or larger 
cations such as Cs proved difficult it can be suggested that intercalation is as a function 
of size and that the similar sizes of K and N H 4  are just right to allow the prizing apart of 
the layers in P-NaMn0 2 .
Table 6.6. Final lattice parameters derived by the refinement o f  the j3-NaMn02 
Intercalated species using the Cellref program.
a (A) b (A) c(A) Cell Vol (Aj)
K 6.2787(27) 2.8829(3) 9.8420(30) 178.15(3)
N H 4  6.2923(55) 2.8841(20) 9.8070(1) 177.97(4)
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Figure 6.17. Room temperature X-ray diffraction traces fo r f-NaMnOj and 
intercalated species showing the increased layer separation as indicated by the peak at 
~9A.
6.4. Magnetic properties.
a-NaMn02 and (3-NaMnC>2 show metamagnetic properties with a broad 
anti ferromagnetic hump at high temperature followed by a Curie tail at low temperature 
and a divergence between ZFC and FC data (Figure 6.18 and 6.19 respectively). Since 
the magnetic transitions appear to start at room temperature, a Curie-Weiss plot to 
determine the observed magnetic moment could not be calculated. Since all the 
manganese in these materials is in the Mn3+ oxidation state, these materials could be 
expected to have an observed magnetic moment of approximately 4.89|Ib- The 
interpretation of the magnetic information for a-NaMnC>2 is further complicated by the 
loss of Na and subsequent growth of a-Nao.70MnO2.05 which itself exhibits similar 
magnetic ordering. The metamagnetism is due to the strong exchange with the Mn02 
sheets and weak coupling in the third direction as a result of the of the layered nature of 
the structure.
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Figure 6.18. Zero field  cooled (ZFC) and field  cooled (FC) magnetic susceptibilities o f  
a-NaMn0 2  showing the metamagnetic character.
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Figure 6.19. Zero field  cooled (ZFC) and field  cooled (FC) magnetic susceptibilities o f  
/3-NaMn02 showing the metamagnetic character.
The intercalation of foreign species into a-NaMn02 results in a large change in 
the magnetic properties, the metamagnetic ordering is destroyed and for Li and Cs the 
materials show maxima at ~20K with no difference between ZFC and FC indicative of 
antiferromagnetic order (figures 6.20 to 6.21). Intercalation of NFL*, Cuand K results in
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materials that appear to exhibit glassy type behaviour from the difference between the 
ZFC and FC. Curie-Weiss plots of the paramagnetic region 150-300K showed linear 
characteristics from which the observed magnetic moment was determined. These 
results are given in table 6.7.
Table 6.7. Curie constant, Weiss constant and observed magnetic moment for  
intercalated cx-NaMnO2 materials.
Tn/Tc/Tf C 0 Mobs
(K) (Kerg/G2mol) (K) (Mb)
Li 35 1.38(1) -110(2) 3.32
K 40 2.04(2) -121.(3) 4.05
n h 4 40 1.526(4) -86.6(1) 3.49
Cu 40 1.205(1) -72.9(3) 3.10
Cs 30 1.28(1) -99(3) 3.20
0.04 300
0.035 280-
0.03
,E 240o 0.025
220
§* 002“
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150 200 2500 . 0 1 - Temperature (K)
0.005-
0 50 100 150 200 250 300
Temperature (K)
Figure 6.20. Magnetic susceptibility showing a maximum at 2OK indicative o f  
antiferromagnetic ordering fo r lithium intercalated 0t-NaMn02', inset shows Curie- 
Weiss behaviour.
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Figure 6.21. Magnetic susceptibilities o f copper intercalated a-NaMnC>2 showing a 
divergence between zero field  cooled (ZFC) and fie ld  cooled (FC) measurements 
indicative o f  spin glass behaviour; inset shows region below Tp.
The intercalation of both potassium and NH4 into (3 -NaMn0 2  results in these 
materials showing a transition at ~30K (see figures 6.22 and 6.23) where there is a large 
spontaneous moment and a difference between the ZFC/FC susceptibilities. This is 
indicative of a weak ferromagnetic component, though the Curie-Weiss fits give a 
negative Weiss constant therefore implying competing interactions and the presence of 
a spin glass state. Table 6 . 8  gives the SQUID results for the intercalated beta phases.
Table 6.8. Curie constant, Weiss constant and observed magnetic moments fo r  
intercalated j3NaMn02.
T n/T c/T f c  0 Mobs
(K ) (Kerg/G2mol) (K) (Mb)
K 40 1.97(1) -154(3) 3.97
NH4 40 2.913(4) -226.4(6) 4.83
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Figure 6.221. Magnetic susceptibilities o f potassium intercalated (3-NaMnO2 showing 
the divergence between zero field cooled (ZFC) and field cooled (FC) measurements 
indicative o f spin glass behaviour; inset shows region below Tf
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Figure 6.23. Field cooled (FC) magnetic susceptibility showing spin glass behaviour for 
NH4 intercalated (3-NaMn02-
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6.3.2. Pyrrole intercalation into Todorokite/Birnessite.
The Cerius2 computer program was employed to investigate the potential size 
constraints on intercalating polymer/monomer units of pyrrole into the tunnel site of 
todorokite. The derived structure, shown in Figure 6.24, was predicted to be stable and 
therefore synthetic procedures were attempted.
Figure 6.24. Computer generated representation o f the intercalation o f pyrrole into the 
tunnel sites o f  todorokite.
On X-ray diffraction of the synthetic todorokite phase it was evident that a 
second phase was present that can be identified as the bimessite precursor. However 
differences can be obseved between the X-ray diffraction patterns of the two phase 
parent material and the material obtained after intercalation with pyrrole. It is the peaks 
attributable to the bimessite phase that show these differences upon intercalation with 
pyrrole whilst the todorokite peak remain unchanged suggesting that it is the bimessite 
material which takes up the organic rather than the todorokite (Figure 6.25). Reactions 
of pyrrole with a pure todorokite material produced after these initial findings, showed 
no change in X-ray diffraction patterns, suggesting that the framework of the todorokite 
is resistant to the intercalation of polymeric materials.
Raman data collected for the mixed todorokite/bimessite material after 
intercalation with the polymer confirmed the presence of the organic, exhibiting two 
broad features in the data collected at 0.4mV at approximately 1325 cm'1 and 1575 cm'1
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attributable to C-H bend and C=C stretching vibrations of the pyrrole respectively 
(figure 6.26). Vibrations below 800 cm are likely attributable to Mn-O vibrations of 
the todorokite framework and bimessite layers.
5000 5000 ,[001]
4000
4000-
3000
2000
3000-
1000
~  2000 -
todorokite (*)/birnessite (A) 
Pyrrole intercalated species1000 -
20 40 60 80 100
2 Theta (degrees)
Figure 6.25. X-ray diffraction traces for the parent two phase todorokite/birnessite 
material and the pyrrole intercalated material showing changes in the lattice 
parameters and changes in intensity of the bimessite (peaks marked by A) phase as a 
result of disorder induced by pyrrole intercalation; inset shows the bimessite [001] 
peak before and after pyrrole intercalation.
8000
1325 cm 1575 cm
7000
6000
3  5000
3000
2000
1000
200 400 6 0 0 ...  800 ,1000, 1*200 1400 1600Wavenumber (cm 70
Figure 6.26. Raman Spectra for the pyrrole intercalated todorokite/birnessite mixed 
phase material collected using 632.8nm excitation showing the C=C and C-H 
vibrations of the pyrrole at 1575 cm'1 and 1325 cm'1 respectively .
178
CHAPTER 6: Layered Systems.
Following the observation that the bimessite precursor is susceptible to polymer
intercalation, pure samples were prepared and subsequently intercalated with pyrrole.
Bimessite crystallises in the monoclinic space group, C 2/m. The material shows poor
crystallinity due to the large interlayer gap and the presence of water in the layers. A
Lebail extraction plot is shown in figure 6.27, the region cut between 17 and 20 two
theta is due to a broad hump, possibly due to intergrowths or stacking faults within the
material. Table 6.9 give the refined lattice parameters and the goodness of fit parameters
for the refinement.
Table 6.9. Final Lattice Parameter and Goodness o f f i t  factors fo r  the Rietveld 
refinement o f bimessite refined in the c 2/m space group.
a (A) b (A) c (A) P Cell volume
(A3)
X2 wRp
(%)
Rp
(%)
4.774(5) 2.8561(17) 7.404(4) 105.77(5) 97.15(13) 2.640 25.57 18.16
1000
Observed
Calculated
Difference
800 [001]
§ 600
& 400(/) [002]
10 20 30 40 50 60
2 Theta (degrees)
Figure 6.27. Observed, calculated and difference for the Lebail extraction o f Na 
bimessite.
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Intercalation of pyrrole results in a gradual decrease in peak intensity as shown 
in figure 6.28 accompanied by a shift in the [001] peak suggesting an increase in the 
interlayer space. Refinement of the lattice parameters using GSAS was not possible due 
to the poor quality of the data. These changes eventually lead to the production of a 
material amorphous to X-ray diffraction.
1000 300[001] [001]
250
800 200
150
100600
400
[002] Pyrolle in Bimessite 
Bimessite200
0
8 16 24 32 48 56 6440
2 Theta (degrees)
Figure 6.28. X-ray diffraction traces for bimessite and Pyrrole intercalated bimessite; 
Inset shows the shift of the [001] peak.
Infrared spectra collected for both the bimessite and the pyrrole intercalated 
bimessite are shown in figure 6.29. The intercalated species clearly show absorptions at 
approximately 1500, 600 and 200cm'1, which, correspond to N-H stretching and 
bending motions confirming the presence of the organic. These absorptions are not 
present in the parent Bimessite material confirming that intercalation has occurred.21
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powder samples in KBr pellets
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Figure 6.29. (a) FT-IR spectra and (b) Far Infra Red spectra for bimessite and pyrrole 
in bimessite.
Thermal analysis data collected for the mixed todorokite/birnessite phase 
showed an increased weight loss from 5.8% to 13.921% also consistent with pyrrole 
uptake (Figure 6.30). The first decomposition begins at 45.32°C and ends at 113.70°C 
and is accompanied by a weight loss of 3.654%, this weight loss is mirrored in the
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parent material and likely due to loss of water. The second step begins at 162.54°C and 
ends at 358.40°C, accompanied by a 13.921% weight loss, due to loss of the organic 
species. Further heating results in the decomposition of the material to an amorphous 
phase. It should be noted that this material contains a mixture of todorokite and 
bimessite phases and therefore, an accurate value for the amount of polymer 
intercalated into the bimessite material can not be determined.
TGA
'eight Loss -0.178mg 
   -2.328%
100.0C
Weight Loss -0.375mg 
-4.905%
90.0C
Weight Loss -0.0 71
-3.645% Weight Loss -0.27 lmg 
-13.912%
80.0C
70.0C
Todorokite/birnessite 
Pyrrole in todorokite/birnessite60.0C
0.00 200.00 400.0C 600.00 800.00 1000.0C
Temp [C]
Figure 6.30 TGA traces showing decomposition routes and the increase in percentage 
weight loss for pyrrole treated and the todorokite/birnessite mixed phase.
As expected the magnetic data collected using the SQUID magnetometer 
showed marked differences. Both materials exhibited glassy type behaviour with 
divergence of the susceptibility below T f.33 However, a 10-fold increase in the 
magnitude of the susceptibility was observed on the intercalation of the pyrrole. This 
increase was also seen in the magnetic data collected for the mixed todorokite/birnessite 
phase. The Curie-Weiss data is given in table 6.10 and it can be clearly seen from the 
observed magnetic moments that the average manganese oxidation state changes as a 
result of intercalation. Magnetic behaviour is plotted in figures 6.31 to 6.33.
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Table 6.10. Curie constant, Weiss constant and magnetic moments for both bimessite 
and pyrrole in bimessite.
C 0(K) p e f f  ( P b ) M calc ( P b )
Bimessite 1.86(5) -40.1(5) 3.86 4.37
Pyrrole in Bimessite 2.45(2) -176(2) 4.43 -
0.1
0 .0 8
|  0 .0 6
CNJ
b
g>
* 0 . 0 4
0.02
0
0  5 0  1 0 0  1 5 0  2 0 0  2 5 0  3 0 0
Temperature (K)
Figure 6.31. Magnetic susceptibilities showing divergence between zero field  cooled 
(ZFC) and field  cooled (FC) measurements fo r  bimessite indicative o f spin glass 
behaviour; inset shows the region below Tf.
° FC
ZFC
FC
0.08
ZFC
0.04
0.02
305 10 15 20 25 35 40 45
Temperature (K)
t— i— i— i ~n i— r n—|—i—i—r
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0.7
FC
0.6-
0.5-
o 0 .4-
P3. 0-3 -
0.2-
ZFC
0 50 100 150 200 300250
Temperature (K)
Figure 6.32. Magnetic susceptibilities showing divergence between zero field cooled 
(ZFC) andfield cooled (FC) measurements for pyrrole intercalated bimessite indicative 
o f spin glass behaviour; inset shows region below 7>.
0.7
FC
0.6-
0 .5 -
o 0 .4 -
0.2-
FC Pyrrole in Bimessite 
Bimessite
ZFC
0 50 100 150 200 250 300
Temperature (K)
Figure 6.33. Magnetic susceptibility measurements of both bimessite and pyrrole 
intercalated bimessite showing increased magnitude of the susceptibility.
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6.3.3. Polymer intercalation into a-NaMnCh.
The structure of a-NaMnC^ is discussed above. When treated with aniline and pyrrole 
while stirring at room temperature no loss in peak intensity is observed as with 
bimessite. In contrast on intercalation a large increase in peak intensity is observed 
suggesting increased crystallinity due to increased ordering. An additional peak is also 
observed at a high d-spacing of approximately 16.5 A for the aniline intercalated species 
and 7.8A for the pyrrole intercalated species, which indicates that the interlayer space 
has been increased to accommodate the organic species and is consistent with the sizes 
required to accommodate the polymeric species. Figure 6.34 And 6.35 show the 
differences in the a-NaMnC>2 and the species intercalated with aniline and pyrrole 
respectively. The insertion of aniline into the framework appears more complete than 
that with pyrrole, since the framework is completely oxidised to a-Nao.70MnO2.05 with 
aniline but with pyrrole some of the a-NaMn0 2  remains.
a-NaMnO
Aniline in a-NaMnO
O 5000
d = 16.5A
8 16 24 32 40 48 56 64
2 Theta (degrees)
Figure 6.34. X-ray diffraction data fo r a-NaMnO 2 and aniline intercalated a-NaMnO2 
showing the additional peak at a d-spacing o f 16.5A.
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3.5 104
3 104
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I  2 104 
<
J 1 .5  104 
§ 110< 
5000 
0
Figure 6.35. X-ray diffraction data for a-NaMnO ? and pyrrole intercalated a-NaMnO2 
showing the additional peak at a d-spacing o f 7.8A
The peaks were indexed using the Crysfire and Celref programs to obtain an 
approximate cell41 The data was then refined using the Lebail function in the 
monoclinic space group, Pm. The refinement data is given in table 6.11 along with a 
summary of the refinement data for a-NaMn02. Figure 6.36 shows the observed, 
calculated and difference plots obtained from the Lebail fits.
Table 6.11. Final lattice parameters and goodness o f fi t  factors for the Rietveld 
refinements o f ot-NaMnO2 and analine intercalated species.
Alpha
(Neutron)
Alpha
(X-ray)
Aniline
a (A) 5.63888(29) 5.6739(7) 16.7981(10)
b(A ) 2.85747(9) 2.85981(33) 5.8879(5)
C(A) 5.77076(27) 5.7991(10) 14.0479(16)
p 112.8540(29) 113.138(7) 93.817(7)
Cell Vol (A3) 85.684(7) 86.529(21) 1386.34(21)
z 2 14.85 2.150 5.931
wRp (%) 5.72 27.05 10.87
Rp (%) 4.52 20.12 7.69
Layered Systems.
a-NaMnO
2
Pyrrole in a-NaMnC>2
d =J.8A |1— -----------AuY~t ____________ A ________
8 16 24 32 40 48 56 64
2 Theta (degrees)
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Figure 6.36. Observed, calculated and difference for the Lebail extraction o f the X-ray 
diffraction data for aniline intercalated a-NaMn0 2 .
Thermal analysis of both the pyrrole and the aniline intercalated species showed 
much larger total weight losses of 4.6% and 14.8% respectively compared to the 2.5% 
weight loss seen in the decomposition of pure a-NaMnC>2 . The smaller weight loss seen 
in the pyrrole intercalated species and the low temperature first decomposition step are 
consistent with the suggestion that the intercalation of pyrrole is incomplete. Since the 
thermal stability of the polymer is higher with respect to monomer or dimer units and 
increases with unit length, the high first decomposition step for the aniline intercalated 
species supports the suggestion that polymerisation has occurred in aNaMn0 2  when 
compared to the lower stabilities observed for bimessite.42 Table 6.12 gives the 
decomposition temperature compared to those of aNaMn02 and TGA plots are given in 
figure 6.37 and 6.38 for aniline and pyrrole respectively.
Table 6.12. Thermal analysis decomposition data for a-NaMnO2 and the aniline and 
pyrrole intercalated species.
1 st decomposition 2nd Decomposition 3 rd Decomposition
Onset Endset % Wt Onset Endset %Wt Onset Endset % Wt
(°C) (°C) loss (°C) (°C) loss (°C) (°C) loss
Alpha 75.08 100.02 1.417 475.53 600.47 1.114
Aniline 228.34 274.90 8.457 347.26 398.37 2.518 469.21 610.90 3.844
Pyrrole 42.38 140.42 0.106 213.30 345.94 1.494 395.75 563.52 2.996
187
CHAPTER 6: Layered Systems.
TGA
Weight Loss -0.170mg 
-1 369%
100.00
Veight Loss -0.759mg I 
-8.457%
90.00
Weight Loss -0.345mg 
-3.844%
Weight Loss -0.226mg 
-2.518%
70 0C
0.00 200.00 400.00 600.00 800.00 1000.00
Temp [C]
Figure 6.37. TGA traces showing decomposition routes and increased weight loss for  
(a) a-NaMnO2 and (b) the aniline intercalated species.
TGA
105.00-
Weight
100.0 0 -
Weight Loss -0.204 mg 
-1.494% Weight Loss -0.409mg
95.00-
90.00
800.00 1000.000.00 200.00 400.00 600.00
Temp [C]
Figure 6.38. TGA traces showing decomposition routes and increased weight loss for  
(a) a-NaMn0 2  and (b) the pyrrole intercalated species.
a-NaMnC>2 is metamagnetic as described above. As with the bimessite 
materials, intercalation of the aniline results in a huge increase in the magnitude of the 
magnetisation. However, after intercalation with pyrrole this increase is not evident 
again supporting the suggestion that the intercalation of pyrrole is incomplete and does 
not greatly affect the Mn oxidation state. Both intercalated species exhibit glassy
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behaviour suggesting that the increased interlayer space destroys the metamagnetic 
ordering between the layers. Figures 6.39 through 6.40 show the magnetic behaviour of 
the intercalated species. Curie-Weiss data for the intercalated species is given in table 
6.13. Due to the high ordering temperature of a-NaMnC>2 the Curie-Weiss law could not 
be fitted. As with bimessite a clear change in the framework oxidation state is observed. 
Figure 6.41 shows the differences in magnetic susceptibities of the a-NaM n02 and the 
polymer intercalated species.
Table 6.13. Curie constant, Weiss constant and magnetic moments fo r both aniline and 
Pyrrole intercalated a-NaMn02■
C 0 (K) d e t t ( P B )
Aniline 2.501(7) -301(1) 4.47
Pyrrole 2.72(3) -869(9) 4.67
0.04
240-FC
0.035-
230
0.03- 220
_ 0 .0 2 5 - J  210
0 . 0 2 - 200
190-
ZFC % 180-0 .0 1 - 220 240
Temperature (K)
260 280 300160 180 200
0.005-
0 50 100 150 200 250 300
Temperature (K)
Figure 6.39. Magnetic susceptibilities showing the divergence between zero field  cooled 
(ZFC) and field  cooled (FC) measurements for aniline in a-NaMnO2 ', inset shows 
Curie- Weiss behaviour o f the paramagnetic region.
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Figure 6.40. Magnetic susceptibilities showing the divergence between zero field  cooled 
(ZFC) and field  cooled (FC) measurements for pyrrole in ot-NaMn02', inset shows the 
region below Tp.
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Figure 6.41. Magnetic susceptibilities for a-NaMnO2 and both the aniline and pyrrole 
intercalated materials showing the increased magnetisation o f the polymer intercalated 
species.
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6.4. Conclusions.
We have shown that whilst it is not possible to remove the Na counter ion from the 
interlayer space it is possible to conduct intercalation experiments resulting in an 
increased interlayer gap. The presence of single MnC>2 sheets in a-NaMnC>2 does not 
appear to inhibit intercalation, with the insertion of large cations such as Cs possible. 
Intercalation of the p-NaMn(> 2 phase is more difficult due to the presence of the double 
layers of MnCh sheets, which effectively lock the template ion into the layer space. 
However, intercalation of K and NH4 appeared to be possible, with a much larger 
interlayer gap being observed than in the K or NH4 alpha intercalated materials 
suggesting that the Mn(>2 layers remain intact.
Both a-NaMn0 2  and p-NaMnC>2 exhibit complex magnetic properties, due to 
weak interactions and dimensionality of the system. The different magnetic properties 
seen show how sensitive these systems are to guest molecules as well as illustrating the 
flexible nature of the manganese to adopt varying oxidation states to maintain charge 
balance.
The results discussed here suggest that it is also possible to intercalate large 
organic molecules into the interlayer spaces of these materials. The use of X-ray 
diffraction, FTIR and SQUID magnetic measurements confirm the presence of the 
aniline or pyrrole in the samples. In bimessite and a-Nao.7oMn0 2  a loss of peak intensity 
is observed suggesting a loss in crystallinity on intercalation of the organic, this would 
suggest that the system has an increased degree of disorder, which is not consistent with 
the polymerisation of the organic which should result in an increased layer spacing and 
increased order due the conjugate nature of the polymer. However on intercalation a- 
NaMnC>2 shows an increased peak intensity and hence crystalllinity, it is also evident 
from the X-ray data that the interlayer space has been increased. Since it can be seen 
from the IR, TGA and SQUID data that the organic is present it can be suggested that 
the aniline and pyrrole in this case are polymerised on reaction with the framework. 
This can be confirmed from the TGA data which shows a lower temperature of 
decomposition in the bimessite as the monomer unit is lost, 45°C, since the polymer is 
more thermally stable a higher temperature of decomposition is observed. The 
mechanism for the polymerisation is not well defined, but is driven by the framework 
and hence the average manganese oxidation state. In bimessite and a-Nao.70MnO2.05 is
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between 3.4 and 3.55, which leads to a stable framework. In aNaMnCh, however the 
average manganese oxidation state is close to +3 as seen in Chapter 6 this material has 
lost Na over time and hence the framework is already susceptible to oxidation leading to 
a mixed valence state. It may be this susceptibility to oxidation that drives the 
polymerisation reaction. This contrasts with data published for other framework 
systems, where the framework acts only as a physical constraint in the dimension of 
growth and does not contribute to the polymerisation reaction.
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7.1. Introduction.
Recent interest in the perovskites with the general formula, Ln3+2_xA2+xMn0 3 , where 
Ln3+ = Lanthanide and A2+ is typically Sr or Ca, has been generated through their strong 
correlations between charge and spin ordering with electrical resistivity.1'12 For specific 
composition ranges in the solid solutions the materials show ferromagnetism, which is 
also associated with a transition from an insulator to a metal on cooling. At 
temperatures around this critical point the application of a magnetic field can drive the 
system from a paramagnetic insulator to a ferromagnetic metal, effectively generating a 
near 100 % change in the resistivity, known as colossal magnetoresistance. Materials 
with such magnetoresistance are of great potential value in many magnetic storage and 
sensing device applications. However, for a material to be usefully employed in suck 
areas, the effect would need to be observed at room temperature and in low magnetic 
fields. Although many systems have been investigated, these combinations of properties 
have been difficult to produce in the perovskite structures. To address this issue, 
manipulation of the electronic properties of perovskite manganates has beeii 
investigated through the formation of analogous layered systems, such as the 
Ruddlesden-Popper series. These structures, forming with the general forrnuU 
Ln3+A2+n+iMnn0 3 n-i are composed of n layers of connected Mn-O planes with an A-G 
rock salt layer separating them. One goal of this research is to produce strong 
ferromagnetic exchange within the planes, with weaker interactions in the third 
direction, possibly leading to transitions to ferromagnetism to be induced in lowei 
fields.
In the Ruddlesden-Popper series, the n = 1 member, has the pseudo twe 
dimensional K2NiF4 structure with no Mn-O-Mn linkage in the c direction anc 
consequently has a particularly narrow bandwidth compared with the three dimensional 
perovskite structures. The Lai.xSrxMn04 phase within the n = 1 series has been mosl 
extensively studied. These phases have a pseudo two dimensional K2NiF4 type structure 
with two distinct A sites, one is a relatively large 12 co-ordinate site (P) situated within 
the Perovskite like blocks and a smaller 9 co-ordinate site (R) situated on the edge of the 
Perovskite blocks in the rock salt layers (AO). Unless the A cations are sufficiently 
distinct from each other they are able to order and inevitably distribute between the two 
sites (figure 7 .1).8’13’14 LaSrMn04 phases, in general, show antiferromagnetic ordering at
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low temperature with no evidence of ferromagnetic ordering in contrast to the 
corresponding perovskites instead there is a tendency towards antiferromagnetic 
ordering with increasing x. Specific composition with the series, such as 
Lno.5Sri.5Mn0 4 , show charge ordering transitions, where the Mn3+ and Mn4+ order onto 
crystallographically distinct sites. All compositions across the series display relatively 
high electrical resistance via a thermally activated mechanism. 15 Doping of the Mn sites 
with Rh3+ leads to the first K2NiF4 oxide with strong ferromagnetic interactions, where 
bulk magnetisation stems from the alignment of the magnetic field of ferromagnetic 
(Mn/Rh)C>2 sheets, which are not magnetically ordered along [0 0 1 ] in zero applied 
field. 16
Figure 7.1. Schematic representation o f the Ruddlesden-Popper K2NiF4 structure, 
where the B site octahedra are pink and the yellow spheres represent the cations on the 
A site.
Less attention has been paid to the Ln2-xCaxMn0 4  series, which has been 
reported to crystallise with orthorhombic symmetry with the exception of Ln = Pr, 
which is tetragonal. 17*19 Structural phase transition occurring between 290 K and 340 K, 
are observed on heating the orthorhombic compositions producing tetragonal structures, 
which was reported to be a result of liberation of the Jahn Teller constraint by thermal
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energy. Maignan suggested that the small size of Ca2+ cations should promote 
ferromagnetism due to the increased bandwidth that correspondingly enhances the 
double exchange, though they reported only an anomalously low ferromagnetic moment 
on the Mn. They further suggested the structures adopt a Aba2 space group, however, 
they were not able to accurately refine of the positions of the oxygen atoms located in 
the [Mn(>2] planes. 20 The work discussed here focuses on the correlations between 
structure and magnetic behaviour of a series of materials with the formulae 
Lno.sCai.5Mn0 4 , where Ln is Pr, Nd, Dy, Er, Ho, Sm and Tb.
7.2. Synthesis.
The Lno.5Cai.5Mn0 4  (Ln = Lanthanide) series were synthesised from stoichiometric 
mixtures of MnC>2 , CaCC>3 and the rare earth oxide P^On, Nd2C>3 , Dy2 C>3 , Er2C>3 , 
H0 2 O3 , Sni2C>3 and Tb2C>3 . The starting materials were initially heated to 1000°C to 
allow decomposition of the carbonates, pressed into pellets and fired at 1200°C for 2 
days. Further heating were performed at 1350°C in 25 hour cycles, followed by an 
intermittent regrinding and measurement of the X-ray diffraction pattern to follow the 
progress of the reaction. Magnetic data was collected using a Quantum Design MPMS7 
SQUID magnetometer and electrical measurements were made using the Oxford 
Instruments MAGLAB. X-ray diffraction patterns were collected on a Siemens D500 
diffractometer fitted with a primary monochromator emitting CuKai radiation at X =
1.54056. Measurements during the synthesis process were recorded over an angular 
range of 10° to 70° with a step size of 0.04° and count time of 2 seconds per step. 
Extended scans were performed on single-phase material over an angular range of 10° 
to 100° with a step size of 0.02° and count time of 15 seconds per step. Powder Neutron 
diffraction measurements were performed at the National Institute of Standards and 
Technology (NIST), Gaithersburg, Maryland, USA using a Cu (311) monochromator (k 
= 1.5401) and 14’ final collimation. Scans were taken from 3° to 165° with a step size of 
0.05°. Reitveld profile refinements were carried out with the GSAS suite of programs 
using a pseudo-Voigt peak shape function. Cooling for low temperature measurements 
was performed with a closed cycle refrigerator.
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7.3. Results and Discussion.
7.3.1. Structure.
Initial reaction of the starting materials showed that the perovskite phase was first to 
form and that the crystallisation of the K2NiF4 type structure formed after several firings 
at high temperatures (1350°). This was evident from the powder X-ray diffraction 
patterns, in particular the region between the main reflections around 33° and 34° two- 
theta. As the reaction proceeds the central feature in this region is reduced in intensity, 
and was indexed as the intense [002] and [121] reflections for the perovskite structure 
(within the Pnma space group). The initial poor crystallinity and unresolved reflections 
around 33° and 34° is probably due to intergrowth between the perovskite phase and the 
K2NiF4 -type structure as well as other members of the Ruddlesden-Popper series, which 
form during the synthesis procedure.
The cell parameters for the Lno.sCauMnC^ series were obtained by performing 
the Lebail intensity extraction procedure within the GSAS program, using a space group 
without any systematic absences.21 The values obtained are given in table 7.1 and the 
volume as a function of cation size is plotted in figure 7.2, note the long axis through 
the layers has been defined as the b-axis.
Table 7.1. Final lattice parameters/cell volume from lebail extraction o f X-ray 
diffraction data refined in the C 2/m space group.
Lattice Parameters
Sample a (A) b (A) c(A ) Cell volume
(A3)
Pro.5Cai.5Mn04 5.3901(9) 11.8267(23) 5.3687(9) 342.24(11)
Ndo.5Cai.5MnC>4 5.3767(7) 11.8195(12) 5.3638(6) 340.87(7)
Sm0.5Cai.5MnO4 5.3661(8) 11.7756(15) 5.3594(8) 338.66(8)
Gdo.5Cai.5Mn0 4 5.3909(6) 11.6868(19) 5.3338(7) 336.04(8)
Tbo.5Cai.5Mn04 5.3837(11) 11.6822(23) 5.3478(12) 336.34(12)
Dyo.5Cai.5Mn04 5.4021(6) 11.7032(14) 5.3396(5) 337.58(6)
Hoo.5Cai.5Mn0 4 5.3395(5) 11.6657(11) 5.3698(5) 334.48(6)
Ero.5Cai.5Mn04 5.3879(12) 11.6678(29) 5.3410(12) 335.76(13)
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Figure 7.2. Cell volume as a function o f  ionic radii for lanthanide series.
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It is evident that there is a reduction in the volume of the cell with decreasing 
lanthanide ionic radii. A plateau is observed for the smaller ions from Dy to Er and 
represents the minimum Mn-O bond distance that can be obtained.
Powder neutron diffraction was initially performed on four materials, namely 
Pro.sCaijMnC^ Ndo.sCai.sMnO^ Tbo.5Cai.5Mn0 4  and Ero.sCai 5Mn0 4 at both room 
temperature and 15K. This was done to investigate the distortion as a function of 
increasing lanthanide size. All patterns obtained showed the same systematic absences, 
implying identical space groups. Two space groups were suggested by Maignan et al, 
namely Abm2 and Abma, Our comparison through Rietveld analysis confirmed the 
Abma (or Cmca in its ABC setting) space group, with the lowering to Abm2 unjustified 
with no significant improvement to the fits apparent. 1,20,21 Trace amounts of CaxPri_ 
xMn0 3  ( - 6 %) have been taken into account in the refinement. The observed cell volume 
from the refinements is plotted in figure 7.2 as a function of lanthanide ionic radii and 
exhibits the same trends observed by X-ray analysis. Refined powder neutron 
diffraction patterns for Pro.sCai.sMnC^, Ndo.sCauMnC^, Ero.sCauMnC^ and 
Tbo.5Cai.5Mn0 4  are given in figures 7.3 through 7.9. Atom positions and neutron fit data
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are given in tables 7.2 and 7.3. In each case the manganese has four long Mn-O bonds 
and two shorter ones given in tables 7.4 through 7.7.22 All Lno.sCai.sMnC^ manganates 
have been refined in the orthorhombic system with no evident change in symmetry for 
praseodymium as reported by Daoudi et a l} 1 There is also no indication of an 
orthorhombic to tetragonal phase change at low temperatures as suggested by some 
authors, with the symmetry and space group remaining unchanged for the low 
temperature data.17,23,24
Table 7.2. Atomic positions obtained from Rietveld profile refinements o f  powder 
neutron diffraction data o f Pro.5Ca1.5MnO4 at 15 K  (Pr 15 K) and room temperature (Pr 
RT) and Ndo.5Ca1.5MnO4 at 15 K  (Nd 15 K) and room temperature (Nd RT), in the space 
group Cmca.
Pr 15 K Pr RT Nd 15 K Nd rt
a (A) 5.3581 (1) 5.3638(1) 5.3450 (3) 5.3528 (3)
b (A) 11.7822 11.8164 11.7755 11.8145
c(A)
(2) (2) (5) (5)
5.3883 (1) 5.3941 (1) 5.3693 (3) 5.3756 (3)
Cell Volume (A3) 340.16(1) 341.88(1) 337.95 (3) 339.96 (3)
P r/N d /C a (0, y,
z)
y 0.3564(1) 0.3568(1) 0.3566 (2) 0.3570 (2)
z -0.0079(1) -0.0075 (1) -0.0078 (2) -0.0073 (2)
Uj (x 100) 0.88 (4) 1.19(5) 1.10(6) 1.52 (7)
Mn (0, 0, 0)
Uj (x 100) 0.70 (6) 0.73 (7) 1.3 (1) 1.4(1)
0 ( 1 )  (0.25, y,
0.25)
y -0.0103 (1) -0.0085 (2) -0.0093 (3) -0.0059 (5)
Un (x 100) 0.82 (9) 0.83 (9) 1.9(2) 2.4(2)
U22 (X  100) 1.29 (8) 1.78(9) 1.6 (1) 2.0 (2)
U 33 (x 100) 1.6(1) 1.9(1) 0.7 (2) 1.0(2)
U 13 (xlOO) -0.09 (6) -0.36 (7) 0.0 (1) -0.1(1)
0 ( 2 )  (0, y, z)
y 0.1654(1) 0.1649(1) 0.1647 (2) 0.1648 (2)
z 0.0315(3) 0.0261 (4) 0.0346 (7) 0.026(1)
U n (x  100) 1.83(11) 1.89(1) 1.8(2) 1.8(2)
U22 (x 100) 0.26 (7) 0.53 (7) 0.2 (1) 0 .6(1)
U33 (x 100) 1.28 (9) 1.9(1) 2.3 (2) 3.7 (3)
U23 (x 100) 0.14(7) 0.1 (1) 0.6 (1) 0.6 (2)
wRp (%) 7.43 7.26 8.21 8.75
Rp(%) 5.31 5.45 6.29 6.86
x 2 3.663 1.405 3.082 2.185
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Figure 7.3. Observed, calculated and difference from the Rietveld refinement o f  
Pro.5Ca1.5MnO4 at room temperature. Insert shows the absence o f magnetic peaks 
between 12 and 24° 2 theta. Refined in the C2/m space group.
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Pro.5 Cai.5Mn0 4  at 15K. Insert shows the presence o f magnetic peaks between 12 and
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Figure 7.5. Observed, calculated and difference fo r the Rietveld refinement o f  
Ndo.sCai $Mn0 4  at room temperature refined in the C2/m space group.
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Figure 7.6. Observed, calculated and difference fo r the Rietveld refinement o f  
Ndo.5Cai.5Mn0 4  at 15K refined in the C2/m space group.
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Figure 7.7. Observed, calculated and difference for the Rietveld refinement o f  
Ero.5Ca1.5MnO4 at room temperature refined in the C2/m space group.
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Figure 7.8. Observed, calculated and difference fo r the Rietveld refinement o f
Ero.5 Ca1.5MnO4 at 15K refined in the C2/m space group.
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Figure 7.9. Observed, calculated and difference for the Rietveld refinement o f  
Tbo.5Ca1.5MnO4 at room temperature refined in the C2/m space group.
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Figure 7.10. Observed, calculated and difference fo r the Rietveld refinement o f
Tbo.5 Cai.sMn0 4  at 15K refined in the C2/m space group.
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Table 7.3. Atomic positions obtained from Rietveld profile refinements o f  powder 
neutron diffraction data o f Ero.5Ca1.5MnO4 at 15 K  (Pr 15 K) and room temperature (Pr 
RT) and Tbo.5Ca1.5MnO4 at 15 K  (Nd 15 K) and room temperature (NdRT), in the space 
group Cmca.
Er 15K Er RT Tb 15 K Tb RT
a (A) 5.3438 (4) 5.3381 (4) 5.3378 (2) 5.3253 (2)
b (A) 11.6103 (7) 11.6585 (9) 11.6530(4) 11.6920(4)
c(A ) 5.3872 (4) 5.3887(4) 5.3598 (2) 5.3748 (2)
Cell Volume (A3) 334.24 (4) 335.36(5) 333.39 (2) 334.65 (2)
P r/N d /C a  (0, y, z)
y 0.3559 (3) 0.3566 (3) 0.3554 (2) 0.3563 (2)
z -0.0085 (3) -0.0077 (3) -0.0089 (2) -0.0080 (2)
Ui (x 100) 0.00 0.00 0.93 (5) 1.30 (5)
Mn (0, 0,0)
Ui (x 100) 0.4(2) 0.7 (2) 0.73 (9) 0.80 (9)
0 (1 )  (0.25, y, 0.25)
y -0.0159(4) -0.0155 (5) -0.0148 (2) -0.0131 (2)
U n(x  100) 1.7(3) 2.2 (3) 1.6(2) 1.0(1)
U22 (X  100) 1.5 (3) 1.4(3) 0.9(1) 1.7(1)
U33 (x 100) 1.4(3) 0.8 (3) 0.9(1) 1.8(1)
U 13 (xlOO) -0.6 (2) -0.5 (2) -0.15 (9) -0.33 (9)
0 (2 )  (0, y, z)
y 0.1645 (4) 0.1649(4) 0.1658 (1) 0.1654(1)
z 0.048(1) 0.045 (1) 0.0421 (5) 0.0387 (5)
Un(xlOO) 3.9(4) 3.4 (5) 3.2 (2) 2.9 (2)
U22 (x 100) 0.6 (2) 0.2 (3) 0.1 (1) 0.5(1)
U33 (x 100) 2.3 (3) 3.0 (4) 0.6(1) 2.0(1)
U23 (x 100) 0.7 (2) -0.1 (3) 0.05 (9) 0.0(1)
wRp (%) 8.47 7.94 7.15 6.30
Rp (%) 6.93 6.46 5.38 4.72
x 2 1.524 1.424 2.770 1.874
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Table 7.4. Bond Lengths and Bond angles from Rietveld refinement o f  Pro.5Ca1.5MnO4.
15 K Room T emp erature
Valence Valence
Mn-0 (A) 1.90351(11) 0.666 1.90441(12) 0.664
Mn-O (A) 1.90351(11) 0.666 1.90441(12) 0.664
Mn-0 (A) 1.90351(11) 0.666 1.90441(12) 0.664
Mn-0 (A) 1.90351(11) 0.666 1.90441(12) 0.664
Mn-0 (A) 1.9559(11) 0.578 1.9541(13) 0.581
Mn-0 (A) 1.9559(11) 0.578 1.9541(13) 0.581
Total Valence 3.82 3.82
Table 7.5. Bond Lengths and Bond angles from Rietveld refinement o f  Ndo.sCajjMnO^
15K Room T emperature
Valence Valence
Mn-0 (A) 1.89721(22) 0.667 1.89782(23) 0.676
Mn-0 (A) 1.89721(22) 0.667 1.89782(23) 0.676
Mn-O (A) 1.89721(22) 0.667 1.89782(23) 0.676
Mn-O (A) 1.89721(22) 0.667 1.89782(23) 0.676
Mn-0 (A) 1.9482(20) 0.590 1.9517(24) 0.584
Mn-0 (A) 1.9482(20) 0.590 1.9517(24) 0.584
Total Valence 3.85 3.87
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Table 7.6. Bond Lengths and Bond angles from Rietveld refinement o f  Ero.5Ca1.5MnO4.
15K Room T emperature
Valence Valence
Mn-0 (A) 1.9059(5) 0.662 1.9048(5) 0.663
Mn-0 (A) 1.9059(5) 0.662 1.9048(5) 0.663
Mn-0 (A) 1.9059(5) 0.662 1.9048(5) 0.663
Mn-0 (A) 1.9059(5) 0.662 1.9048(5) 0.663
Mn-0 (A) 1.925(4) 0.628 1.938(5) 0.607
Mn-O (A) 1.924(4) 0.628 1.938(5) 0.607
Total Valence 3.90 3.87
Table 7.7. Bond Lengths and Bond angles from  Rietveld refinement ofTbo.5Ca1.5MnO4.
15K Room Temperature
Valence Valence
Mn-0 (A) 1.89894(18) 0.674 1.89771(17) 0.676
Mn-0 (A) 1.89894(18) 0.674 1.89771(17) 0.676
Mn-0 (A) 1.89894(18) 0.674 1.89771(17) 0.676
Mn-0 (A) 1.89894(18) 0.674 1.89771(17) 0.676
Mn-0 (A) 1.9454(17) 0.595 1.9447(17) 0.596
Mn-0 (A) 1.9454(17) 0.595 1.9447(17) 0.596
Total Valence 3.89 3.90
Mn-O-Mn 169.57(11) 170.76(12)
7.3.2. Magnetisation and Transport Properties.
Rare earths with small ionic radii exhibit paramagnetic character, as the ionic radii 
increase a glassy transition is observed in Nd and Sm. Pro.sCai.sMnC  ^ orders 
antiferromagnetically with a Tn of approximately room temperature. Figure 7.11 shows 
the obtained SQUID data illustrating the antifrromagnetic, spin glass and paramagenetic 
behaviour observed for Ln = Pr, Nd, Sm and Tb respectively. Change in magnetic
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properties as a function of increasing ionic radii is given in figure 7.12. Previous authors 
have reported the Pro.sCai.sMnC  ^phase as paramagnetic/ferromagnetic this is possibly 
due to the presence of small amounts of perovskite second phase which leads to a weak 
ferromagnetic component or intergrowths corresponding to (Ln,A)n+iMnn0 3 n+i, where n 
= 3 or 4.20 It was not possible to fit the paramagnetic regions to the Curie-Weiss law due 
to the high magnetic transition temperatures and short range correlations, which are not 
Curie-Weiss in behaviour.
Since susceptibility is dependent upon the bandwidth, loss of overlap due to 
distortion, and strength of coupling is therefore dependent upon the bond angle. In the 
Pr phase the bond angle is around 180°, therefore there is strong superexchange and the 
phase is antiferromagnetic. However in the Nd phase the bond angle is less than 180°, 
and is therefore Paramagnetic. A Jahn-Teller distortion is also observed in the Ln2Cr0 4  
phases reported by Romero de Paz et al, whereby when Ln is Praseodymium the 
distortion is small but as Pr is replaced by smaller lanthanide elements this distortion 
increases.18,25 Only the two layer Ruddlesden-Popper phases containing La and Sr show 
true ferromagnetic character, which comes from a reduced bandwidth in the xy plane 
making Double exchange possible.
In Pro.5Cai.5Mn0 4  the manganese spins align antiferromagnetically with a Neel 
temperature (T n )  of about room temperature and a saturated sublattice moment of 
0 .8 3 |I b  and is orientated in the xy direction perpendicular to the c-axis. Neutron 
diffraction data collected for the phase Pro.sCai.sMnCU confirms the presence of 
antiferromagnetic ordering with additional 'magnetic' peaks being observed in the low 
temperature (15K) pattern. The magnetic peaks in the 15K data and the absence of 
magnetic peaks at room temperature are shown in the inserts of figure 7.4 and 7.3 
respectively. The magnetic model shown in figure 7.13 was derived using GSAS and 
the SARAh refinement programs.21,26 The proposed magnetic model is similar to those 
reported for Fe, Cu, Ni and Cr and identical to the model proposed by Yamada et al for 
La2Co0 4 . 25 ,27-30 The highest intensity magnetic peaks correspond to the reflections [100] 
or [1-10] and [120] or [1-20] using Bertraut's notation the model can be assigned the 
mode CyGx or Cy + Gx; where the components are coupled so that |Sk| = |Sjy|.25,30,31 It is 
worth noting that above room temperature the Pr remains disordered due to the random 
distribution of the Ca2+ and Pr3+ in the R and P sites.
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Figure 7.11. Magnetic susceptibility o f  (a) Tbo.5Ca1.5MnO4 showing paramagnetic- 
character, (b) Smo.5Ca1.5MnO4 showing spin glass behaviour, (c) Ndo.5Ca1.5MnO4 also 
showing spin glass behaviour and (d) Pro.5Ca1.5MnO4 exhibiting antiferromagnetic 
ordering.
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Figure 7.12. Magnetic behaviour as a function o f  increasing ionic radii and volume.
Figure 7.13. Antiferromagnetic structure o f Pro.<lCai $Mn0 4  derived by Reitveld 
refinement o f  low temperature neutron data, where the blue spheres represent the 
manganese ions and the arrows show the direction o f the magnetic spins.
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The resistance of Pro.sCai.sMnC^ was measured over a temperature range of
170-400K in zero field and an applied field of 5T, an exponential decrease in resistance
with increasing temperature is observed in both zero and applied field. When plotted
(figure 7.14) together both sets of data are superimposable indicating that no CMR is
present in these samples as previously reported.20 These phases are semiconductors with
band gaps of approximately 0.13eV for ProsCai.sMnCX*.
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Figure 7.14 Plot o f  resistance against temperature showing semiconducting behaviour.
7.4. Conclusions.
Our results show that members of the Ln0.5Cai 5M n04 family are paramagnetic with the 
exception of Ndo.5Ca1.5MnO,* and Smo.5Ca1.5MnO,*, which are spin glass in character, 
andPro.5Cai.5Mn0 4, which exhibits antiferromagnetic ordering. This is primarily due to 
loss of overlap due to distortion away from the ideal bond angle of 180° leading to 
paramagnetism. In Pro.sCai.5Mn0 4 the bond angle is around 180° making possible 
superexchange and hence the observation of antiferromagnetism. Despite previous 
suggestions no CMR is observed in these phases.
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8.1. Conclusions.
The work contained in this thesis clearly illustrates the effects of intercalation on the 
structure and properties o f a series o f porous manganese oxides. In all the porous 
materials discussed here intercalation/deintercalation typically occurs by a combination 
o f  ion exchange and redox-type mechanisms, with selectivity decreasing with increasing 
ionic radii o f the guest species, such that a larger amount o f lithium can be intercalated 
into the tunnel site when compared to a larger cation such as potassium.
Whilst much of the existing work done concentrates on the possibility o f using 
these materials as cathode materials in lithium batteries and hence centre on the 
electrochemical intercalation/deintercalation o f lithium, little attention has been focused 
on the role intercalation on the properties of these materials as discussed here. It can be 
seen that the observed properties are dictated by the total intercalated and the identity o f 
the intercalated species, for example in the hollandite system thermal stability decreases 
with increasing amount intercalated. This is also seen in both the Nao.4oMnC>2 and 
Nao.44MnC>2 systems. Magnetic behaviour is also affected by intercalation for example 
in the Nao.44Mn02 system increasing ionic radii o f  the intercalated species results in 
increasing paramagnetic character and in the hollandite system the maximum magnetic 
moment at 5K decreases with intercalation. This work contributes to a greater 
understanding o f the correlations between structure and properties allowing for the 
design o f materials exhibiting certain physical phenomena.
Contrary to reports in the literature, Nao.4oMn02  does not appear to exhibit the 
romanechite structure as seen by the poor fits obtained by Rietveld refinement o f both 
neutron and X-ray data. Intercalation and deintercalation o f this material suggests that 
the material is indeed porous. However, comparison to emerging trends within these 
materials indicates a smaller pore dimension than tunnels formed in romanechite 
supporting the idea that the reported structure is incorrect. Whilst two plausible cells are 
discussed here the quality of the data collected did not allow for a full structural 
solution.
This thesis also reports the synthesis o f novel hostrpolymer nanocomposite 
materials based on the intercalation o f conducting polymers, pyrrole and aniline, into 
the interlayer gap o f the layered manganese oxides bimessite and a-NaM n0 2 . The 
intercalation o f aniline into a-NaM n02 results in the first ordered polymer in an 
inorganic framework as evidenced by X-ray diffraction studies. However intercalation 
o f polymer into the similarly layered bimessite material results in disordered material
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which is amorphous to X-ray diffraction. In both cases the intercalation o f the polymer 
is evidenced by infrared spectroscopy and larger percentage weight losses observed by 
thermal analysis. Intercalation o f the polymer also results in huge increases in the 
magnitude o f the observed magnetisation.
The possibility o f doping the manganese framework with other first row 
transition metals is briefly considered here. An enhanced understanding o f the role o f 
the manganese oxidation state on the properties could be investigated through 
framework doping and may lead to the synthesis o f novel materials exhibiting 
alternative properties to those o f the pure manganese derivatives.
Further good quality diffraction data needs to be collected for the Nao.4oMn02  
phase and its intercalated analogues, preferably using central facilities such as the 
Synchrotron radiation source at Daresbury laboratory, UK to fully elucidate the 
structure and thus allow the properties to be fully characterised.
The understanding o f the behaviour of novel polymerimanganese oxide 
nanocomposite materials can be investigated by in-depth structural studies including in- 
situ experiments to gain an enhanced understanding o f the complex polymerisation 
mechanisms. The possibility also exists for the synthesis o f further novel materials 
using alternative porous manganese oxides as host materials and a range of conducting 
polymers.
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